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Elec t ron  showers a t  105, 150, 300, 600, 1000, and 1200 MeV were 
s t u d i e d  using a  Geiger tube  hodoscope developed f o r  ba l loon  a l t i t u d e  
observat ions of cosmic r ay  p a r t i c l e s .  The e l e c t r o n  shower curves 
ca l cu la t ed  from t h e  experimental  d a t a  a r e  d i f f e r e n t  from those  obtained 
by o t h e r  experimenters w i th  va r ious  o the r  d e t e c t o r s ;  t h e  r e s u l t i n g  
computed t r a c k  l eng ths  a r e  r e l a t e d  t o  t h e  inc iden t  e l e c t r o n  energ ies  by 
inc iden t  t r a c k  ( rad ia t ion  (MeV) = (34.111.8) x 
energy lengths) 
a s  compared t o  
i nc iden t  t r a c k  ( r a d i a t i o n  (MeV) = (17.1k1.4) x length 
energy lengths) 
obtained wi th  t h e  d e t e c t o r ' s  s c i n t i l l a t i o n  counter .  
The percent  f l u c t u a t i o n ,  f ,  i n  t h e  t r a c k  l e n g t h  based on 
s c i n t i l l a t i o n  counter  pu l se  he igh t s  and co r rec t ed  f o r  i n t r i n s i c  photo- 
e l e c t r o n  s t a t i s t i c s  ( propor t iona l  t o  one over t h e  square  root  of t h e  
t o t a l  number of events  observed ) was r e l a t e d  t o  t h e  inc iden t  e l e c t r o n  
energy, E , i n  t h e  energy i n t e r v a l  I S 0  MeV < E n  <I200 MeV, by 
0 u 
The percent  f l u c t u a t i o n  i n  t h e  t r a c k  l eng th  based on Geiger t ube  
d ischarge  d a t a  i n  t h e  energy reg ion  105 MeV < E <I200 MeV decreased a s  
0 
t h e  shower energy increased .  The percent  f l u c t u a t i o n  i n  t h e  number of 
shower p a r t i c l e s  was 74% Poisson i n  t h i s  energy i n t e r v a l  and was a  
s i z e a b l e  p o r t i o n  of t h e  observed percent  f l u c t u a t i o n  f o r  energ ies  up t o  
about 600 MeV. Beyond t h i s  energy, t h e  percent  f l u c t u a t i o n s  due t o  
sampling dominated . 
Extensive t a b l e s  of t h e  number of Geiger tube  d ischarges  were 
compiled. Cor re l a t ions  between t h e  number of tubes  discharged a t  two 
d i f f e r e n t  depths were i n t e r p r e t e d  i n  terms of a  model r e l a t i n g  shower 
c o r r e l a t i o n s  t o  t h e  t o t a l  number of shower p a r t i c l e s  present  and capable 
of d i scharg ing  Geiger tubes  and t o  t h e  pene t r a t ion  p r o b a b i l i t y  of 
i n d i v i d u a l  shower p a r t i c l e s .  This  number va r i ed  wi th  t h e  inc iden t  
e l e c t r o n  energy a s  
'E ( M ~ v )  - (0 .12~0.03)  
number 
= (0.029?0.003)x inc iden t  energy (MeV) 
shower p a r t i c l e s  
0 f  = (3622) 
' 150 MeV 
The mean range,  R ,  of t h e  e l e c t r o n  shower p a r t i c l e s  obtained from t h e  
pene t r a t ion  p r o b a b i l i t y  was 
( X I  
R = 0.950.4  r a d i a t i o n  lengths  
which was cons i s t en t  with t h a t  ca lcu la t ed  as the  r a t i o  of the  shower 
t r a c k  l eng th  t o  t h e  t o t a l  number of shower p a r t i c l e s  based on Geiger 
tube  d ischarge  da ta .  
Events obtained by exposing t h e  d e t e c t o r  t o  s ea  l e v e l  cosmic 
ray mesons and t o  a r t i f i c i a l l y  acce l e ra t ed  pro tons  and p ions  were 
t r e a t e d  i n  a  manner i d e n t i c a l  t o  t h a t  used t o  analyze t h e  e l e c t r o n  da ta  
i n  hopes of d e t e c t i n g  d i f f e r e n c e s  between e l e c t r o n  showers and nuc lea r  
i n t e r a c t i n g  events .  Although some d i f f e r e n c e s  were found, t h e  gene ra l  
c h a r a c t e r i s t i c s  of t h e  nuc lear  i n t e r a c t i n g  events  were very s i m i l a r  t o  
t h e  e l e c t r o n  showers. 
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Table I 
Table I1 
Table 111 
Table I V  
Table V 
Table V I  
Table V I I  
Table V I I I  
Pu lse  he igh t  analyzer  channel f a c t o r s .  The ana lyzer  
channels range from 0 t o  8 i n  0 .1  i n t e r v a l s .  
T o t a l  number of Geiger tube d i scha rges ,  number of 
events  observed,and number of events  used f o r  t h e  
s c i n t i l l a t i o n  counter  d a t a  a n a l y s i s  f o r  2GV and 4GV 
proton even t s ,  f o r  s e a  l e v e l  cosmic ray meson even t s ,  
and f o r  e l e c t r o n  showers. 
Average dE/dx and average ca lor imeter  pu l se  he ight  
d i s t r i b u t i o n s ,  and s tandard  dev ia t ions  of t he  dE/dx and 
of t h e  ca lor imeter  d i s t r i b u t i o n s  f o r  c lean  and d i r t y  
proton events  a t  2GV and 4GV, f o r  s e a  l e v e l  cosmic 
ray meson even t s ,  and f o r  e l e c t r o n  showers. 
Percent  f l u c t u a t i o n s  of t r a c k  l eng ths  based on 
s c i n t i l l a t i o n  counter  pu l se  h e i g h t s  f o r  e l e c t r o n  
showers and percent  f l u c t u a t i o n s  due t o  photoe lec t ron  
s t a t i s t i c s  l i s t e d  a s  a  func t ion  of shower energy. 
Average number and var iance  of Geiger tube d ischarges  
f o r  e l e c t r o n  showers l i s t e d  a s  a  func t ion  of t r a y  
number, depth i n  shower i n  u n i t s  of r a d i a t i o n  l e n g t h s ,  
and inc iden t  e l e c t r o n  energy. 
Percent  f l u c t u a t i o n  i n  t r a c k  l eng ths  based on Geiger 
tube  information,  average t o t a l  number of tubes 
discharged,  and s tandard  dev ia t ion  i n  t o t a l  number of 
tubes discharged l i s t e d  a s  a  func t ion  of  e l e c t r o n  
shower energy. 
Elec t ron  shower t r a c k  l eng th ,  shower curve exponent ia l  
s l o p e ,  dRnN/dX, p a s t  shower maximum, and t r a c k  l eng th  
constant  l i s t e d  a s  a  func t ion  of observer  o r  method of 
c a l c u l a t i o n ,  maximum depth t o  which shower measurements 
were made, and inc iden t  e l e c t r o n  energy. 
Average number of p a r t i c l e s  i n  e l e c t r o n  showers, d i r t y  
proton even t s ,  and sea  l e v e l  cosmic ray meson events  
a s  a  func t ion  of i nc iden t  p a r t i c l e  energy based on 
Geiger tube  d ischarge  information and t h e  modal descr ibed  
i n  Chapter V .  The sea  l e y e l  cosmic ray meson events  
s a t i s f i e d  t h e  same s e l e c t i o n  c r i t e r i a  a s  t i ia t  o$ t h e  d i r t y  
proton even t s ,  
Table LX Geiger t ube  discharge probability distributions and 
s tandard  errors f o r  trays 5 through 10 f o r  electron 
shower ene rg i e s  105, i50, 300, 600, 1000, and 120nfeV. 
Table X Geiger tube  d ischarge  p r o b a b i l i t y  d i s t r i b u t i o n s  and 
s tandard  e r r o r s  f o r  t r a y s  5 through 10  f o r  d i r t y  proton 
events .  
Table X I  Geiger tube  d ischarge  p r o b a b i l i t y  d i s t r i b u t i o n s  and 
s tandard  e r r o r s  f o r  t r a y s  5 through 10 f o r  1966 s e a  
l e v e l  cosmic ray  meson events  s a t i s f y i n g  t h e  same 
s e l e c t i o n  c r i t e r i a  a s  t h a t  f o r  d i r t y  pro ton  events .  
Table X I 1  Average number and s tandard  dev ia t ion  of Geiger tube 
d ischarges  f o r  2GV and 4GV d i r t y  proton events  and 
f o r  s e a  l e v e l  cosmic ray meson events  a s  a  func t ion  
of t r a y  number, depth of t r a y  i n  u n i t s  of r a d i a t i o n  
l e n g t h s ,  and i n c i d e n t  p a r t i c l e  energy ( f o r  pro tons) .  
The s e a  l e v e l  cosmic ray meson events  s a t i s f i e d  the  
same s e l e c t i o n  c r i t e r i a  a s  t h a t  f o r  d i r t y  proton events .  
Table X I 1 1  Mean range ca l cu la t ed  from p a r t i c l e  t r a c k  l eng ths  and 
from p e n e t r a t i o n  p r o b a b i l i t y  f o r  e l e c t r o n  showers, 
d i r t y  pro ton  even t s ,  and s e a  l e v e l  cosmic ray meson 
events .  The proton and s e a  l e v e l  cosmic ray meson 
ranges l i s t e d  he re  were obtained assuming these  
p a r t i c l e s  produced e l ec t ron - l ike  showers i n  l ead .  
The s e a  l e v e l  cosmic ray meson events  s a t i s f i e d  the  
same s e l e c t i o n  c r i t e r i a  a s  t h a t  f o r  d i r t y  proton events .  
FIGURE CAPTIONS 
F igure  1 
Figure  2 
Schematic diagram of t h e  phys i ca l  components of t h e  
d e t e c t o r .  P a r t i c l e  t r a j e c t o r i e s  s e l e c t e d  by t h e  
d i r e c t i o n a l  f i l t e r  coincidence requirements f o r  t r a y s  
1 and 3 a r e  i nd ica t ed  by dashed l i n e s .  
Block diagram of d e t e c t o r  e l e c t r o n i c s  and monitoring 
equipment used i n  t h e  experiment. There a r e  n i n e t y  
Geiger tubes  and two s c i n t i l l a t i o n  counters  i n  t h e  
d e t e c t o r  . 
F i g u r e 3 a , b , c  T y p i c a l o s c i l l o s c o p e m o n i t o r d i s p l a y s o f  a s e a l e v e l  
cosmic ray  meson event ,  a proton event ,  and an  e l e c t r o n  
event measured by t h e  d e t e c t o r .  The f i r s t  l i n e  i n  
each d i sp l ay  i s  a code t o  i d e n t i f y  t h e  event i n  a 
computer program. Lines  2 and 3 represent  t h e  dE/dx and 
ca lor imeter  counter  pu l se  h e i g h t s  i n  u n i t s  of channels  
read 1 through 17 l e f t  t o  r i g h t .  Dot number 9 is  t h e  
same a s  dot number 10 i n  l i n e  2 and i n  l i n e  3 .  The 
d o t s  i n  l i n e s  4 through 8 a r e  d iv ided  i n t o  two banks 
of 5x9. Each dot r e p r e s e n t s  a Geiger tube  i n  t h e  
hodoscope. The l e f t  and r i g h t  banks represent  t h e  two 
s t e r eoscop ic  views of a p a r t i c l e  t r i g g e r i n g  t h e  
hodoscope, t h a t  i s ,  l i n e  6 c o r r e s p ~ d s t o  t r a y s  5 and 6. 
A more i n t e n s e  dot imp l i e s  a t ube  discharge.  
F igure  4a,b 
F igure  5 
Schematic diagram of phys i ca l  se tup  f o r  exposure of 
t h e  d e t e c t o r  t o  2GV and 4GV pro tons  and pions us ing  
t h e  Brookhaven Al t e rna t ing  Gradient Synchrotron and 
t o  h igh  energy e l e c t r o n s  us ing  t h e  Corne l l  e l e c t r o n  
synchrotron.  
Proton and pion ca lo r ime te r  pu l se  he ight  d i s t r i b u t i o n s  
f o r  r i g i d i t i e s  2 GV and 4 GV and a s e a  l e v e l  cosmic 
ray  meson ca lor imeter  pu lse  he ight  d i s t r i b u t i o n .  The 
sea  l e v e l  cosmic r ay  meson d i s t r i b u t i o n  is composed 
of events  having no mul t ip l e  tube  discharges i n  t r a y s  
5 through 10. 
F i g u r e  6 The dE/dx p u l s e  helight distrtbut-ions f o r  s e a  Level cosmic 
ray meson events, for 2 GV and 4 GV clean proton events, 
and for ~ l e c t r n n  s h o w ~ r s ,  The experimental points for 
t h e  e l e c t r o n  shower d i s t r i b u t i o n  each r e p r e s e n t  an  
average  over  t h e  d a t a  from t h e  105,  150,  300, 600, and 
1200 MeV showers.  
F i g u r e  7 Ca lor imete r  p u l s e  h e i g h t  d i s t r i b u t i o n s  f o r  e l e c t r o n  
shower so 
F i g u r e  8  Track l e n g t h  p e r c e n t  f l u c t u a t i o n s  based on 
c o u n t e r  p u l s e  h e i g h t s ,  o /T = 2 8 . 8 [ ( A ~  ) T 
and based on observed Gelger  t u b e  d i s c ~ b a s ~ e s ,  
o  IT = 1000 / < n t o t > ,  p l o t t e d  a s  a  f u n c t i o n  of e l e c t r o n  
slfiower n  t o t  energy f o r  comparison. The p o i n t s  p l o t t e d  
are g iven  i n  Tab le  I V  and Tab le  V I .  
F i g u r e  9 E l e c t r o n  shower curves  d e r i v e d  from Geiger  t u b e  inform- 
a t i o n  g iven  i n  T a b l e  V and c o r r e c t e d  f o r  s a t u r a t i o n  
u s i n g  t h e  model d e s c r i b e d  i n  Chapter I V .  
F i g u r e  1 0  Track l e n g t h  p e r c e n t  f l u c t u a t i o n s  based on Geiger  t u b e  
i n f o r m a t i o n  p l o t t e d  a s  a  f u n c t i o n  o f  e l e c t r o n  shower 
energy (same d a t a  a s  g i v e n  i n  F igure  8 ) .  Also p l o t t e d  
a r e  t h e  t r a c k  l e n g t h  p e r c e n t  f l u c t u a t i o n s  due  t o  sampl ing 
u n c e r t a i n t i e s  (denoted by t h f / ~ a p t i o n ,  "Var N t o t  = OH),  
o T / ~  = [ l / < n  > - 1 / < ~ ~  E > ]  , and models f o r  t h e  per-  
O t  
c e n t  f luctuaExon i n  t h e  ? rack  l e n g t h  assuming t h e  v a r i a n c e  
i n  t h e  t o t a l  number of p a r t i c l e s  i n  a  shower is  d e s c r i b e d  
by Po isson  s t a t i s t i c s  ( d e n o t ~ y ~ b y  t h e  c a p t i o n  " ~ a r  N - 
o t -  <N , o T / T =  [ l / < n  > ]  . T h e p e r c e n t  f l u c t u a E l o n s  
t t i n t @ k e  t r a c k  l e n g t h  b a s e 8  on Geiger  t u b e  d a t a  a r e  f i t t e d  
by a  model assuming t h e  p e r c e n t  f l u c t u a t i o n s  i n  t h e  t o t a l  
number of p a r t i c l e s  i n  a shower i s  74% Poisson  (denoted 
by t h e  c a p t i o n ,  "Var Nt  = 0 s P 1 2 t o t  > t t )  , 
o /T = [ l / < n t o t >  - . 4 /<8  > 1 . T  t o t  
F i g u r e  11 1000 MeV e l e c t r o n  shower curves  ob ta ined  w i t h  t h e  
fo l lowing  d e t e c t o r s :  s c i n t i l l a t i o n  c o u n t e r s ,  a  
m u l t i p l a t e  c loud chamber, a l u c i t e  Cerenkov c o u n t e r ,  a  
magnet ic  s p a r k  chamber, and a Geiger  t u b e  hodoscope. 
Also p l o t t e d  a r e  a n  Approximation B c a l c u l a t i o n  w i t h  
z e r o  energy c u t o f f  and a Monte Car lo  c a l c u l a t i o n  w i t h  
a  1 0  MeV energy c u t o f f  . 
v i i i  
F i g u r e  1 2  Var iance i n  t h e  number of  p a r t i c l e s  p l -o t t ed  a s  a f u n c t i o n  
of d e p t h  f o r  1000 M e V  e l ec t ron  showers o b t a i n e d  w i t h  t h e  
f o l l o w i n g  d e t e c t o r s  a l r rc i te  Gerenkov c o u n t e r ,  a  
m u l t i p l a t e  cloud chamber, s c i n t i l l a t i o n  counters .  The 
va r i ance  i n  t h e  number of Geiger t u b e s  discharged i n  t h e  
hodoscope a s  a  func t ion  of depth and a  Monte Carlo 
c a l c u l a t i o n  f o r  a  10 MeV energy cu tof f  a r e  a l s o  p l o t t e d .  
F igure  13 Covariance i n  t h e  number of Geiger t ube  d ischarges  i n  
p a i r s  of t r a y s ,  A and B ,  a s  a  func t ion  of t h e i r  s epa ra t ion ,  
X -X i n  u n i t s  of r a d i a t i o n  l eng ths  f o r  e l e c t r o n  showers. B A' A smooth curve i s  drawn t o  r ep re sen t  t h e  experimental  
da t a .  
F igure  14 Schematic drawing of t h r e e  types  of p a r t i c l e  t r a j e c t o r i e s  
i n  e l e c t r o n  showers i n  t h e  v i c i n i t y  of two Geiger t ube  
t r a y s ,  A and B ,  separa ted  by a  lead  p l a t e  absorber .  The 
t r a j e c t o r i e s  a r e  represented  by s t r a i g h t  l i n e s  t ipped  
wi th  arrows i n d i c a t i n g  t h e  p a r t i c l e  d i r e c t  ion  of motion. 
A l i n e  through a  c i r c l e ,  r ep re sen t ing  a  Geiger t ube ,  
impl ies  a  tube  d ischarge .  
F igure  15 The t o t a l  number of e l e c t r o n  shower p a r t i c l e s  der ived 
from Geiger tube  d ischarge  information p l o t t e d  a s  a 
func t ion  of shower energy. The p o i n t s  p l o t t e d  a r e  
given i n  Table V I I I .  
F igure  16 Geiger t ube  d ischarge  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t r a y  
7 f o r  a  600 MeV e l e c t r o n  shower. A binomial d i s t r i b u t i o n  
i s  p l o t t e d  wi th  t h e  p r o b a b i l i t y  of having a  tube  
d ischarge  defined a s  t h e  r a t i o  of t h e  average number 
of t u b e  d ischarges  i n  t r a y  7 t o  t h e  t o t a l  number of 
shower p a r t i c l e s  us ing  t h e  model descr ibed  i n  Chapter 
V. Also p l o t t e d  i s  a  Poisson d i s t r i b u t i o n  us ing  t h e  
average number of t ube  d ischarges  a s  t h e  mean of t h e  
d i s t r i b u t i o n .  The p o i n t s  p l o t t e d  a r e  given i n  Table I X .  
F igure  17 Pene t r a t ion  p r o b a b i l i t y ,  <N > / < N B > ,  p l o t t e d  a s  a  func t ion  C 
of Geiger t ube  t r a y  separation i n  u n i t s  of r a d i a t i o n  
l e n g t h s  f o r  e l e c t r o n  showers and f o r  2 GV and 4 GV 
d i r t y  proton events .  Smooth curves a r e  drawn t o  represent  
t h e  experimental  d a t a .  The p e n e t r a t i o n  p r o b a b i l i t y  
model is  developed i n  Chapter V.  
F igure  18 Pene t r a t ion  p r o b a b i l i t y :  <N > / < N B > ,  p l o t t e d  a s  a  func t ion  C 
of Geiger t ube  t r a y  separatxon i n  u n i t s  of gm/cm2 f o r  
e l e c t r o n  showers and f o r  2GV and 4GV d i r t y  proton 
events  . Smoot tl curves a r e  d r a m  t o  represent  t h e  
experiment a 1  d a t a ,  
ix 
INTRODUCTION 
Electromagnet ic  cascade showers produced by high energy e l e c t r o n s  
inc iden t  on h igh  atomic number absorbers  have been s tud ied  f o r  many 
years .  However, t he  r a t i o n a l  design and eva lua t ion  of shower d e t e c t i n g  
instruments  is s t i l l  hampered by a  l a c k  of s u f f i c i e n t l y  d e t a i l e d  inform- 
a t i o n  about c e r t a i n  important shower c h a r a c t e r i s t i c s .  Since t h e  National  
Aeronautics and Space Administrat ion i s  about t o  undertake a  major 
n a t i o n a l  research  e f f o r t  on high energy cosmic rays  w i th  an emphasis on 
d e f i n i t i v e  s t u d i e s  of cosmic e l e c t r o n s ,  t h i s  l a c k  of information concern- 
i ng  shower c h a r a c t e r i s t i c s  w i l l  assume c r i t i c a l  importance. One of t h e  
b e s t  ways of s e p a r a t i n g  e l e c t r o n s  from nucleons and of determining 
e l e c t r o n  ene rg i e s  is  by ga ther ing  d e t a i l e d  information on showers pro- 
duced w i t h i n  a  massive ca lor imeter .  
This  t h e s i s  dea l s  wi th  d a t a  obtained during c a l i b r a t i o n  exposures 
of a  Geiger tube  hodoscope t o  a r t i f i c a l l y  acce l e ra t ed  e l e c t r o n s ,  p ro tons ,  
and pions.  The hodoscope had previous ly  been used i n  many ba l loon  borne 
experiments t o  ga the r  d a t a  on primary cosmic r a d i a t i o n .  The o b j e c t i v e  
he re  i s  not  only t o  c a l i b r a t e  a  f l i g h t  instrument bu t  t o  at tempt  t o  
p re sen t  t he  d a t a  i n  a  format app l i cab le  t o  instruments  having var ious  
conf igura t ions .  Although two s c i n t i l l a t i o n  counter  pu l se  he igh t s  were 
obtained f o r  each event ,  t h e  b a s i c  information cha rac t e r i z ing  t h e  
development of t he  showers was the  number of Geiger tube d ischarges  i n  
t r ays  i n t e r s p e r s e d  among lead  p l a t e  absorbers .  The response of a 
1 
detector  embedded i n  absorbing m a t e r i a l  i s  c r i t i c a l l y  dependent upon t h e  
na tu re  of t h e  d e t e c t o r .  Consequently, t h e  r e s u l t s  given he re  d i f f e r  
s i g n i f i c a n t l y  from those obtained wi th  s c i n t i l l a t i o n  counters  and o t h e r  
types of t r a c k  forming d e t e c t o r s .  It is  hoped t h a t  t h e  information 
presented  w i l l  be  u se fu l  i n  t h e  design of s p e c i f i c  d e t e c t o r s  of s i m i l a r  
con f igu ra t ion  a s  w e l l  a s  i n  expla in ing  some of  t he  s u b t l e  i s s u e s  of 
d e t e c t o r  response which have caused t h e  l a c k  of information mentioned 
e a r l i e r .  
A d e t a i l e d  s tudy of c o r r e l a t i o n s  between t h e  numbers of p a r t i c l e s  
p re sen t  a t  two d i f f e r e n t  s t ages  of shower development is  undertaken. A 
simple s t a t i s t i c a l  model has been devised r e l a t i n g  these  c o r r e l a t i o n s  
t o  t h e  mean range of t h e  shower p a r t i c l e s  and t o  t h e  t o t a l  number of 
p a r t i c l e s  p re sen t  i n  a  shower. The model i s  used t o  ob ta in  new es t ima te s  
of t h e s e  important  parameters.  
Various methods have been employed t o  s tudy  e l e c t r o n  showers. 
Kantz and Hofs tad ter  (1953) observed showers i n  copper using sodium 
iod ide  c r y s t a l s  and photomul t ip l ie r  tubes and l a t e r  extended t h e i r  s tudy  
t o  carbon, aluminum, t i n ,  and l ead  (Kantz and Hofs tad ter  , 1954) . Crannel l  
(1967) used t h e  same method i n  a  thorough i n v e s t i g a t i o n  of shower energy 
depos i t i on .  Blocker,  Kenney, and Panofsky (1950) used an i o n i z a t i o n  
chamber t o  s tudy  e l e c t r o n  showers i n  carbon, aluminum, copper, and l e a d .  
S c i n t i l l a t i o n  p l a s t i c  counters  wi th  photomul t ip l ie r  tubes have been used 
by Backenstoss,  Hyams, Knop, and S t i e r l i n  (1963) , by Beuermann and 
Wibberenz ( l967) ,  and by Neely (1968). Murata (1965) used X-ray photo- 
graphic  f i lms  of d i f f e r e n t  s e n s i t i v i t i e s  t o  observe both t h e  l o n g i t u d i n a l  
and l a t e r a l  developmene of showers i n  l e a d ,  A s i m i l a r  i n v e s t i g a t i o n  was 
conducted by Jenkins ,  Cobb, Nelson, and McCall (1965) and l a t e r  by Nelson, 
J enk ins ,  McCall, and Cobb (1966) using t h e  thermoluminescent p r o p e r t i e s  
of l i t h ium- f luo r ide  c r y s t a l s .  
I n  add i t i on  t o  t h e  above t o t a l  energy depos i t i on  measurmznts, 
e l e c t r o n  showers have been s tud ied  by Cronin, Engels ,  Pyka, and Roth (1962) 
using l e a d  p l a t e s  and a spa rk  chamber and by Kajikawa (1963) using a 
g lass - lead  p l a t e  spark  chamber. Lengeler ,  Deutschmann, and Tejessy (1963) 
have i n v e s t i g a t e d  e l e c t r o n  shower c h a r a c t e r i s t i c s  w i th  a propane bubble 
chamber. Beckl in and E a r l  (1964) and Thom (1964) used m u l t i p l a t e  cloud 
chambers whi le  Heusch and P r e s c o t t  (1964) worked wi th  a l u c i t e  Cerenkov 
counter .  Most r e c e n t l y ,  a magnetic spark  chamber has been used by Drickey, 
K i lne r ,  and Benaksas (1968) t o  observe the  charged component of 1-GeV 
e l e c t r o n  showers i n  l ead .  
Severa l  mathematical models have been put  f o r t h  t o  desc r ibe  
e l e c t r o n  shower development i n  high-Z m a t e r i a l s .  Rossi  and Greisen (1941) 
proposed an a n a l y t i c a l  method t o  desc r ibe  t h e  l o n g i t u d i n a l  development 
of e l e c t r o n  showers - Approximation B - involving a lower l i m i t  f o r  
shower p a r t i c l e  energ ies .  Wilson (1952) pos tu l a t ed  an a n a l y t i c a l  model 
based on a Ploct;e Carlo c a l c u l a t i o n  t h a t  could gene ra t e  a p a r t i c l e  shower 
wi th  s p e c i f i e d  c h a r a c t e r i s t i c s  - i nc iden t  energy, shower p a r t i c l e  t r a j e c -  
t o r y ,  and minimum shower p a r t i c l e  energy. This approach was l a t e r  improved 
upon by Belen ' k i i  and lvanenko (1959) and Butcher and Messel (1960). These 
methods were r e f ined  by Messel,  Smirnov, Varfolomeev, Crawford, and 
Butcher (1962) and by Crawford and Messel (1962) t o  inc lude  a v a r i e t y  of 
i n t e r a c t i o n s  and t o  give t h e  r a d i a l ,  as  cell as ,  l o n g i t u d i n a l  development 
of e l e c t r o n  showers i n  l ead  and emulsions, Nagel (1965) has a l s o  used  
t h e  Monte Carlo method t o  provide t h e o r e t i c a l  shower curves i n  lead  f o r  
s e v e r a l  i n c i d e n t  e l e c t r o n  and photon energ ies  down t o  a  1 .5  MeV cutof f  
energy . 
The l i t e r a t u r e  i n d i c a t e s  t h a t  t h e  Monte Carlo c a l c u l a t i o n s  agree  
i n  genera l  wi th  experimental  d a t a  from d e t e c t o r s  w i th  h igh  energy c u t o f f s .  
This  t h e s i s  i s  d iv ided  i n t o  t h r e e  b a s i c  p a r t s  : a d e s c r i p t i o n  of 
t he  experimental  equipment and se tup ,  a n a l y s i s  of t h e  d a t a ,  and conclu- 
s ions .  Included i n  t h e  development of t he  f i r s t  d i v i s i o n  is  a descr ip-  
t i o n  of  t h e  d e t e c t o r  (Chapter  I I ) ,  t h e  procedure used t o  c a l i b r a t e  t h e  
s c i n t i l l a t i o n  counters  using minimally i on iz ing  s i n g l y  charged p a r t i c l e s ,  
and t h e  experimental  s e tup  f o r  ob ta in ing  t h e  e l e c t r o n  shower d a t a  
(Chapter 111) .  
A model i s  presented  t o  r e l a t e  t h e  number of tubes discharged a t  
a given depth t o  t h e  number of shower p a r t i c l e s  i n c i d e n t  and capable of 
d i scharg ing  a  Geiger tube  (Chapter IV). Shower curves obtained using 
t h i s  r e l a t i o n  a r e  given a s  a  func t ion  of  energy. The d a t a  obtained from 
t h e  s c i n t i l l a t i o n  counters  and Geiger tubes i s  used t o  c a l c u l a t e  e l e c t r o n  
shower t r a c k  l eng ths  and o t h e r  r e l a t e d  parameters.  I n  a d d i t i o n ,  t h e  
f l u c t u a t i o n  i n  t r a c k  l eng ths  based on s c i n t i l l a t i o n  counter  pu l se  h e i g h t s  
and Geiger tube  information i s  inves t iga t ed  and t h e  f l u c t u a t i o n s  i n  
Geiger tube d ischarges  a r e  s tud ied  a s  a  func t ion  of shower energy and 
depth. Comparisons a r e  made between these  r e s u l t s  and t h e  l i t e r a t u r e  
when poss ib l e .  
The c o r r e l a t i o n  between t h e  average  nwnber o f  Geiger  tubes  dis- 
charged a t  a  dep th  X and t h o s e  d i scharged  a t  dep th  % (Xb<XB) i n  A 
s e v e r a l  c e n t i m e t e r s  o f  l e a d  i s  i n v e s t i g a t e d  f o r  e l e c t r o n  showers and 
p r o t o n  and s e a  l e v e l  cosmic r a y  meson e v e n t s  measured by t h e  d e t e c t o r  
(Chapter  V ) .  The c o r r e l a t i o n  d a t a  a r e  o f  i n t r i n s i c  i n t e r e s t  i n  t h e  s t u d y  
o f  e l e c t r o n  showers.  I n  a d d i t i o n ,  a model u s i n g  t h e s e  d a t a  i s  p r e s e n t e d  
t h a t  might  b e  u s e f u l  i n  d i s t i n g u i s h i n g  e l e c t r o n s  from p r o t o n s  i n  cosmic 
r a y  beams. 
Conclusions  are summarized i n  Chapter  V I .  
CHAPTER 11 
THE DETECTOR 
The phys i ca l  components of t h e  d e t e c t o r  - t he  hodoscope, 
t h e  dE/dx and ca lor imeter  counters  - a r e  descr ibed .  The d i r e c t i o n a l  
f i l t e r  coincidence requirements and gene ra l  d e t e c t o r  information a r e  
a l s o  presented .  Related d a t a  monitoring equipment i s  d iscussed  
along wi th  gene ra l  procedures f o r  d a t a  a c q u i s i t i o n  and reduct ion .  
A.  Components 
The d e t e c t o r  i s  a  hodoscope cons i s t i ng  of l a y e r s  o f - l e a d ,  
s c i n t i l l a t i o n  counters ,  and Geiger tubes a s  shown i n  F igure  1. 
Inc iden t  e l e c t r o n s  produce showers i n  lead  p l a t e s  of approximately 
2 1 r.1. th ickness  (5.83 gm/cm = lXo). Sheets  of p l a s t i c  s c i n t i l l a t o r  
0.0177 r.1. t h i c k  a r e  placed near  l ead  p l a t e s  t o  sample t h e  develop- 
ment of t h e  showers and a r e  divided i n t o  two counters ,  each of which 
i s  connected t o  a  s epa ra t e  pulse  he igh t  ana lyze r ,  The dE/dx counter  
c o n s i s t s  of a  s i n g l e  p l a t e  loca ted  i n  t h e  i n c i d e n t  beam of p a r t i c l e s  
be fo re  they e n t e r  t he  lead  p l a t e s .  I t s  func t ion  is  t o  measure t h e  
i o n i z a t i o n  r a t e  of i nc iden t  p a r t i c l e s .  The ca lor imeter  counter  i s  
made up of f i v e  p l a t e s  loca ted  between l ead  s l a b s  i n  t h e  d e t e c t o r .  
I ts  func t ion  i s  t o  sample the  t o t a l  energy l o s s  of p a r t i c l e s  contained 
i n  the  shower. A d i r e c t i o n a l  f i l t e r  coincidence requirement ( t o  be 
explained l a t e r )  i s  imposed on i n c i d e n t  p a r t i c l e s .  The d e t e c t o r  is  
9*3E r , l ,  t h i c k  ( $ , I 6  r.1, l e a d ) .  
1. Hodoscope. The hodoscope d e t e c t o r s  s e r v i n g  t o  d e f i n e  
p a r t i c l e  t r a j e c t o r i e s  a r e  o r g a n i c a l l y  quenched Geiger t u b e s  14 .2  cm 
long  and 1.58cm in diamcter .These  t u b e s  a r e  a r ranged  i n  t r a y s  of n i n e  
w i t h  t h e  t u b e  a x e s  of t r a y s  1 , 3 , 5 , 7 , 9  p e r p e n d i c u l a r  t o  t h o s e  of 
2 ,4 ,6 ,8 ,10 .  S i n c e  a l l  t u b e s  have s e p a r a t e  a n a l y s i s  c i r c u i t s ,  one 
o b t a i n s  e s s e n t i a l l y  s t e r e o s c o p i c  views of p a r t i c l e  t r a j e c t o r i e s  
through t h e  d e t e c t o r .  
A b l o c k  diagram of t h e  d e t e c t o r  and moni to r  e l e c t r o n i c s  s e t u p  
i s  g iven  i n  F i g u r e  2. Each Geiger  tube i s  connected t o  a  b i n a r y  
c i r c u i t .  Suppose one o r  more t u b e s  are d i s c h a r g e d  somewhere i n  t r a y  1 
through  t r a y  10 .  A  f r a c t i o n  of a microsecond l a te r ,  t h e  d i s c h a r g e  
p u l s e s  f l i p  t h e  cor responding  t u b e  b i n a r y  c i r c u i t s .  S h o r t l y  a f t e r -  
wards ,  i f  t h e  t r i g g e r  s i g n a l  d e p i c t e d  i n  F i g u r e  2 i n d i c a t e s  t h a t  t h e  
i n c i d e n t  phenomena are a c c e p t a b l e ,  i t  c a u s e s  a  ho ld  s i g n a l  t o  be  s e n t  
from t h e  c o n t r o l  e l e c t r o n i c s  c i r c u i t  t o  t h e  t u b e  b i n a r i e s .  T h i s  s i g n a l  
c o n v e r t s  t h e  b i n a r i e s  from monostable  t o  b i s t a b l e  modes and g a t e s  o f f  
a l l  f u r t h e r  i n p u t s .  A t  t h e  same t i m e ,  i t  c a u s e s  s h i f t  p u l s e s  t o  b e  s e n t  
i n t o  t h e  t u b e  b i n a r i e s  making t h e  b i n a r i e s  a c t  as s h i f t  r e g i s t e r s .  
The ho ld  s i g n a l  changes t h e  b i n a r y  mode from e v e n t  d e t e c t i o n  t o  e v e n t  
r e a d o u t  and i s  k e p t  on  u n t i l  t h r e e  r e a d o u t s  of t h e  d a t a  w p e r f o r m e d .  
I n  later d a t a  a n a l y s i s ,  t h e s e  r e a d o u t s  are compared t o  d e t e c t  and t o  
p r e v e n t  e r r o r s  due t o  l o s t  o r  e r roneous  b i t s .  I f  t h e r e  i s  no t ? i g g e r  
s i g n a l ,  t h e n  t h e  b i n a r i e s  a u t o m a t i c a l l y  r e s e t  a f t e r  5psec .  If one now 
imagines all of the Geiger tube binaries in their shift mode, then 
t h e  discharged tube information w i l l  pass  through t h e  tube and counter 
b i n a r i e s  ( t o  be  explained l a t e r )  t o  a  c o n t r o l  e l e c t r o n i c s  c i r c u i t  where 
i t  i s  read out  t o  a  tape  recorder  o r  o the r  monitoring u n i t s .  
2. dE/dx and ca lor imeter  counters .  The dE/dx counter  is  
-- 
connected v i a  a  l i g h t  p ipe  t o  a  photomul t ip l ie r  tube and i s  used t o  
determine i f  an  i n c i d e n t  p a r t i c l e  was minimally i on iz ing .  It i s  s i t u a t e d  
a b o v e  t r a y  3 .  The output  of i t s  photomul t ip l ie r  is  pu l se  shaped t o  
be acceptab le  t o  t h e  f i r s t  of two pu l se  he igh t  analyzer  ampl i f i e r s  
having ga ins  of 10  each shown i n  F igure  2 .  Together,  t h e  two span 
a  f a c t o r  of 100 i n  pu l se  he igh t ,  o r  energy l o s s ,  over  1 7  channels us ing  
ladder  a t t e n u a t o r s .  Each s t e p  of a t t e n u a t i o n  i s  a s soc i a t ed  wi th  a  
channel and has i t s  own binary c i r c u i t .  Therefore,  each channel 
r ep re sen t s  a  f a c t o r  of 413 i n  p u l s e  he igh t .  The information i n  t h e  
a t t e n u a t o r  b i n a r i e s  i s  s h i f t e d  along wi th  t h a t  from t h e  Geiger tubes 
f o r  each accep tab le  event .  Table I g ives  t h e  conversion between pu l se  
he igh t  and channel number. The ana lyzer  channels i n  t h i s  t a b l e  range  
from 0  t o  8 i n  0 . 1  i n t e r v a l s .  
The f i v e  ca lo r ime te r  counter  p l a s t i c  s c i n t i l l a t o r  s l a b s  a r e  
a l l  connected v i a  l i g h t  p ipes  t o  a  s i n g l e  photomul t ip l ie r  tube whose 
pu l se  he igh t  ana lyzer  c i r c u i t s  a r e  t h e  same a s  those  f o r  t h e  dE/dx 
coun te r ,  Calorimeter  d a t a  from accep tab le  events  a r e  read out  along 
wi th  t h a t  from t h e  Geiger tubes and the  dE/dx counter .  The ca lor imeter  
counter  d e t e c t s  t h e  t o t a l  i o n i z a t i o n  of a l l  p a r t i c l e s  emerging from 
t h e  Lead plates which is proportional to t h e  t o t a l  energy dissipated 
i n  these  p l a t e s  by shower p a r t i c l e s ,  
A lead  p l a t e  0.98 r.1, t h i c k  i s  s i t u a t e d  underneath t r a y  10 
t o  i n s u r e  t h a t  i t s  response t o  backsca t t e r ing  p a r t i c l e s  i s  t h e  same 
a s  t h e  o t h e r  t r a y s .  
3.  D i r e c t i o n a l  f i l t e r  coincidence requirements.  The d i r e c t i o n a l  
f i l t e r  coincidence requirements a r e  s p e c i f i e d  t o  s e l e c t  i n c i d e n t  p a r t i c l e  
t r a j e c t o r i e s  so  t h a t  t h e  r e s u l t i n g  showers do not  develop through one 
of t h e  s i d e s  of t h e  d e t e c t o r ,  Phys i ca l ly ,  four-fold coincidences of 
tube d i scha rges  i n  t h e  top four  t r a y s  of t h e  hodoscope a r e  requi red .  
The allowed sequences of tube d ischarges  f o r  t r a y s  1 and 3  a r e  connected 
by dashed l i n e s  i n  F igure  1. The corresponding sequences f o r  t r a y s  2  
and 4  a r e  s i m i l a r .  These c r i t e r i a  s e l e c t  i nc iden t  p a r t i c l e  t r a j e c t o r i e s  
l e s s  than  about 20" o f f  t he  d e t e c t o r  a x i s .  The d i r e c t i o n a l  f i l t e r  
spacing ( d i s t a n c e  between t r a y s  1 and 3  o r  2 and 4) was 7.35cm. 
Other s e l e c t i o n  c r i t e r i a  w e r e  imposed i n  t h e  computer d a t a  
a n a l y s i s ,  
4 .  General d e t e c t o r  information The d e t e c t o r  is  33 cm i n  
he ight  and weighs about 100 pounds exc lus ive  of power supply. It 
has a  dead time/event of 430 msec ( c i r cu l a t ion / r eadou t  t ime).  Two 
Del t ron  6v power supp l i e s  were used t o  run  t h e  d e t e c t o r .  A p r e c i s i o n  
lkHz tuning f o r k  o s c i l l a t o r  was used t o  d r i v e  t h e  d e t e c t o r  e l e c t r o n i c s ,  
13, Data 
The d a t a  were c o l l e c t e d  on magnetic t apes  i n  an analog 
format along wi th  a  r e f e rence  time i n  t h e  l abo ra to ry .  The l a t t e r  
provided a  b a s i s  f o r  comparison of c a l i b r a t i o n  phenomena wi th  changes 
i n  t h e  beam c h a r a c t e r i s t i c s .  An Ampex Model 220 audio t ape  r eco rde r ,  
depic ted  i n  Figure 2 ,  was used w i t h  four  t r a c k  114 inch  magnetic t apes .  
The d a t a  were a l s o  cont inuously monitored on a  cathode r ay  
osc i l l o scope  programmed t o  d i s p l a y  Geiger tube d i scha rgesas  p a r t i c l e s  
passed through t h e  d e t e c t o r .  A photograph of t h r e e  t y p i c a l  s e r i e s  of 
d i scharges  seen on t h i s  appara tus  a r e  shown i n  F igure  3a, b, c  and 
r e p r e s e n t ,  r e s p e c t i v e l y ,  a  s ea  l e v e l  cosmic r ay  meson, a  proton event  
conta in ing  anuc lea r  i n t e r a c t i o n  i n  a  lower t r a y ,  and an  e l e c t r o n  
shower. The f i r s t  l i n e  i n  each i s  an i d e n t i f i c a t i o n  code which 
s i m p l i f i e s  t h e  t a s k  of f i n d i n g  events  using t h e  computer. Lines 2 and 
3 a r e  t h e  dE/dx and ca lor imeter  counter  pu l se  h e i g h t s  i n  channels  read  1 
through 17 l e f t  t o  r i g h t .  The d i sc r imina to r  l e v e l s  of t h e  l a s t  s t a g e  
of t h e  f i r s t  pu l se  he igh t  ana lyzer  ampl i f i e r  and t h e  f i r s t  s t a g e  of 
t h e  second a r e  t he  same, s o  dot  number 9 i s  t h e  same a s  do t  number 10 
i n  l i n e  2 and i n  l i n e  3 .  The d o t s  i n  l i n e  4 through 8 a r e  divided i n t o  
two banks of 5 x 9. Each d o t  r ep re sen t s  a  Geiger tube  i n  t h e  hodoscope. 
The l e f t  and r i g h t  banks- r ep re sen t  t h e  two s t e r eoscop ic  views of a  
p a r t i c l e  t r i g g e r i n g  t h e  hodoscope, t h a t  is ,  l i n e  6 corresponds t o  t r a y s  
5 and 6.  A more i n t e n s e  do t  impl ies  a tube d ischarge .  This appara tus  
was a l so  of p a r t i c u l a r  use  i n  checking t h e  response of t he  instrument  
to sea level meson events - an important c a l i b r a t i o n  procedure. 
The d a t a  were later  t r a n s l a t e d  from analog t o  digital form 
us ing  the  f a c i l i t i e s  a t  t h e  Goddard Space F l i g h t  Center i n  Greenbel t ,  
Maryland. The d i g i t a l  t apes  were f u r t h e r  reduced us ing  t h e  I B M  7094 
computer a t  t h e  Computer Science Center of t he  Univers i ty  of Maryland. 
The s e l e c t i o n  c r i t e r i o n  imposed on the  computerized d a t a  
was t h e  fol lowing:  t h a t  one and only one Geiger tube  b e  discharged per 
d i r e c t i o n a l  f i l t e r  t r a y .  This requirement e l imina ted  i n t e r a c t i o n s  
occurr ing  i n  t he  d i r e c t i o n a l  f i l t e r  t r a y s .  Only one i n c i d e n t  p a r t i c l e  
was t o  be analyzed by the  hodoscope a t  a  t ime. I n  a d d i t i o n  t o  t h i s  
c r i t e r i o n ,  t h e  d a t a  were a l s o  analyzed-  by sepa ra t ing  them i n t o  events  
conta in ing  no nuc lear  i n t e r a c t i o n s  and those  t h a t  developed showers. 
C W T E R  I L L  
EXPERIMENTAL CONFIGURATION AND CALIBRATION 
The t o t a l  average pulse  h e i g h t  from t h e  ca lor imeter  counter  
is  p ropor t iona l  t o  t he  t o t a l  t r a c k  l e n g t h  of t he  p a r t i c l e  o r  p a r t i c l e s  
pass ing  through t h e  counter  a s  w i l l  be  shown l a t e r .  The shower 
e l e c t r o n s  a r e  minimally i on iz ing ,  so  bo th  t h e  d ~ / d x  and ca lo r ime te r  
counters  must be c a l i b r a t e d  wi th  s i n g l y  charged minimally i on iz ing  
p a r t i c l e s .  The e f f e c t  of poss ib l e  nuc lear  i n t e r a c t i o n s  on t h e  counter  
pu l se  he igh t s  produced by t h e  i n c i d e n t  c a l i b r a t i n g  p a r t i c l e  must be 
de l e t ed  t o  o b t a i n  t h e  t o t a l  pu l se  he igh t  due only t o  t h e  inc iden t  
p a r t i c l e .  A s tudy of t h e  d e t e c t o r ' s  response t o  sea  l e v e l  cosmic r a y  
mesons (nonin terac t ing  p a r t i c l e s )  and t o  e l e c t r o n s  was a l s o  c a r r i e d  
ou t .  
An i n c i d e n t  p a r t i c l e  passing through a  lead  p l a t e  i n  t h e  
d e t e c t o r  may s u f f e r  i o n i z a t i o n ,  r a d i a t i o n ,  o r  nuc lear  i n t e r a c t i o n  
energy l o s s e s .  For e l e c t r o n s  of s e v e r a l  hundred m i l l i o n  e l e c t r o n  v o l t s  
energy, r a d i a t i o n  l o s s e s  a r e  by f a r  g r e a t e r  than  t h e  o the r  two. The 
photons c rea t ed  by t h i s  energy l o s s  may undergo p a i r  product ion o r  
Compton s c a t t e r i n g  and, i n  t u r n ,  produce e l e c t r o n s  of about t h e  same 
energy a s  t h e  i n i t i a t i n g  photon. These secondary e l e c t r o n s  may then  
experience r a d i a t i o n  l o s s e s .  The n e t  r e s u l t  of t h i s  c y c l i c  process  is  
a  cascade shower. The number of shower p a r t i c l e s  i nc reases  u n t i l  t h e  
average energy of t h e  e l e c t r o n s  c r ea t ed  i s  l o w  enough f o r  e o l l i s i o n a l  
l o s s e s  t o  play a  dominant r o l e ,  and t h e  shower d i e s ,  S c i n t i l l a t o r  
p l a s t i c  s l a b s  a r e  placed next  t o  t h e  lead  p l a t e s  t o  d e t e c t  t he  emerging 
shower p a r t i c l e s  which may i n t e r a c t  w i th  t h e  s c i n t i l l a t o r  atoms and 
g ive  information on t h e  number of p a r t i c l e s  passing through t h e  
ca lor imeter  counter  and t h e i r  t o t a l  energy l o s s .  
A n  e l e c t r o n  shower i s  represented  by t h e  osc i l l o scope  monitor d i s -  
p lay  of tube d ischarges  i n  t h e  d e t e c t o r  given i n  F igure  3c.  The 
i n c i d e n t  e l e c t r o n  passes  through t h e  f i r s t  two l ead  p l a t e s  ( s ee  d e t e c t o r  
phys i ca l  schematic,  F igure  1 )  without  causing m u l t i p l e  tube  d ischarges  
i n  a  t r a y .  However, i n  passing through t h e  next  p l a t e ,  i t  develops a  
shower and causes two tube d ischarges  i n  t r a y  7 ,  and four  d ischarges  
i n  t r a y  8. The shower develops f u r t h e r  i n  pass ing  through lead  p l a t e  
5 and causes m u l t i p l e  tube  d ischarges  i n  t r a y s  9 and 10. This  i n c i d e n t  
e l e c t r o n  had an  i n t i a l  i o n i z a t i o n  l o s s  r a t e  of 5 channels  and a  t o t a l  
energy l o s s  r a t e  i n  t h e  reg ion  of t h e  ca lor imeter  of 9 channels.  The 
Geiger tube d ischarges  d e t e c t  t h e  l a t e r a l  spread and l o n g i t u d i n a l  
development of t h e  shower. 
A. Response t o  Protons and Pions 
The c a l i b r a t i o n  was performed a t  t he  Brookhaven Nat iona l  
Labora tor ies ,  A l t e rna t ing  Gradient  Synchrotron. Although t h i s  
s ~ n c h r o t m  had t h e  capaci.m t o  a c c e l e r a t e  protons t o  28GeV, t h e  d e t e c t o r  
was placed i n  a  p a r a s i t i c  beam wi th  t w o  momentum analyzing magnets 
capable  of y i e l d i n g  p a r t i c l e s  of maximum r i g i d i t y  4GV. This  beam was 
produced by allowing the main beam to strike a target giving off a 
v a r i e t y  of p a r t i c l e s  a s  show-n i n  Figure 4a. 
Cal ib ra t ion  runs were madeat 2  and 4GV with  and without  a  
l ead  s h i e l d  i n  f r o n t  of t h e  d e t e c t o r ,  and t h e  r i g i d i t y  was defined 
w i t h i n  + I%.  The beam was pulsed every 2  s e c ,  and a  ga t ing  c i r c u i t  
allowed t h e  hodoscope t o  t r i g g e r  f o r  50msec. To avoid confusion,  
t he  d e t e c t o r  was permit ted t o  t r i g g e r  on only one event  per  a c c e l e r a t i o n  
beam pulse .  The major components of t h e  main beam a r e  pro tons  and 
pions wi th  a  smal l  amount of pos i t rons  r e s u l t i n g  from pion  decays 
ni+pi+e' ( F i t c h ,  Meyer , Piroue' ,  1962) . The pos i t rons  were el iminated 
from t h e  beam on some c a l i b r a t i o n  runs by p lac ing  a  s l a b  of lead  3 
r.1. t h i c k  i n  f r o n t  of t h e  d e t e c t o r  so t h a t  the  p o s i t r o n s  would 
develop showers be fo re  reaching t h e  d e t e c t o r .  
Table I1 gives  the  t o t a l  number of Geiger tube d ischarges  
observed a s  a func t ion  of i nc iden t  energy f o r  2 and 4GV protons.  Also 
given a r e  t he  t o t a l  number of events  observed and t h e  percent  and 
number of events  s a t i s f y i n g  the  d i r e c t i o n a l  f i l t e r  s e l e c t i o n  c r i t e r i o n  - 
one and only one d ischarge  pe r  t r a y  i n  t h e  f i r s t  fou r  Geiger tube t r a y s .  
There were 7330 proton events  accepted out  of 8332 de t ec t ed .  Consequently, 
t h e  number of events  was s u f f i c i e n t  f o r  adequate s t a t i s t i c a l  accuracy 
i n  t h e  d i s t r i b u t i o n  of pu l se  h e i g h t s .  Also l i s t e d  i n  Table I1 a r e  
t h e  corresponding d a t a  f o r  s e a  l e v e l  cosmic ray mesons and e l e c t r o n  
showers t o  be  d iscussed  i n  l a t e r  s e c t i o n s .  
A computer scanning program was u s e d t o  f u r t h e r  reduce t h e  
pro ton  d a t a  by sepa ra t ing  t h e  events  i n t o  those conta in ing  no nuc lear  
i n t e r a c t i o n s  and those  t h a t  conta in  a t  l e a s t  one nuc lear  i n t e r a c t i o n .  
The p a r t i c l e s  given of f  i n  a  nuclear  i n t e r a c t i o n  may discharge more 
than one Geiger tube  i n  a  given t r a y .  The occurrence of a  nuc lear  
i n t e r a c t i o n  was defined i n  t h i s  program by t h e  presence of t h r e e  o r  more 
tube d ischarges  i n  one of t r a y s  5 through 10 o r  by two o r  more d ischarges  
i n  a t  l e a s t  two of t hese  t r a y s .  Such events  w i l l  hence f o r t h  be r e f e r r e d  
t o  a s  d i r t y  pro ton  events .  A graph of t h e  r e s u l t i n g  ca lor imeter  pu l se  
he igh t  d i s t r i b u t i o n  f o r  t h e  d i r t y  pro ton  events  is  given i n  Figure 5 
( s o l i d  l i n e  curve) a s  w e l l  a s  f o r  pro ton  events  having no nuc lear  i n t e r -  
a c t i o n s  a s  def ined  by the  absence of m u l t i p l e  tube d ischarges  (dashed 
l i n e  curve) .  These l a t t e r  events  w i l l  be  r e f e r r e d  t o  a s  c l ean  pro ton  
events  . 
There i s  a  p o s s i b l i t y  t h a t  s e v e r a l  p a r t i c l e s  i n  a  nuc lear  
i n t e r a c t i o n  go through one Geiger tube.  Such i n t e r a c t i o n s  would go 
undetected by t h e  c r i t e r i o n  descr ibed above. However, t hese  i n t e r a c t i o n s  
would broaden t h e  ca lor imeter  pu l se  he igh t  d i s t r i b u t i o n  f o r  events  
supposedly conta in ing  no nuc lear  i n t e r a c t i o n s .  To determine t h e  amount 
of t hese  r e s i d u a l  i n t e r a c t i o n s ,  t h e  ca lor imeter  d i s t r i b u t i o n s  a t  
2 GV and 4 GV were compared wi th  t h a t  of s e a  l e v e l  cosmic ray mesons 
which a r e  an e x c e l l e n t  example of non in t e rac t ing  pene t r a t ing  p a r t i c l e s .  
The l a t t e r ' s  d i s t r i b u t i o n  i s  a l s o  p l o t t e d  i n  Figure 5. I ts  shape and 
s i z e  a r e  i d e n t i c a l  t o  t he  c lean  pro ton  event  d i s t r i b u t i o n  w i t h i n  
experimental e r r o r .  This  r e s u l t  i n d i c a t e s  t h e  con t r ibu t ion  of r e s i d u a l  
i n t e r a c t i o n s  i n  t h i s  proton d i s t r i b u t i o n ,  undetected by t h e  computer 
scanning program, was l e s s  than experimental e r r o r ,  The r e l a t i v e l y  
Large number of even t s  in calorimeter channel  0 r e p r e s e n t s  all events  
whose pu l se  he igh t s  a r e  no t  l a r g e  enough t o  e n t e r  channel 1. 
The s tandard  dev ia t ion  of t h e  c l ean  proton event  and meson 
d i s t r i b u t i o n s  is  1 .6  channels a s  opposed t o  3.0 channels f o r  t h e  
d i r t y  proton event  d i s t r i b u t i o n .  Table I11 gives  t h e  average pu l se  
he igh t s  and s tandard  dev ia t ions  f o r  t h e  dE/dx and ca lor imeter  counters  
f o r  t h e  pro ton  experiments and s e a  l e v e l  cosmic r ay  mesons. Comparison 
of t h e  combined c a l i b r a t i o n  runs  w i t h  t h e  l e a d  s h i e l d  i n  
p l ace  a t  2GV and 4GV wi th  t h e  combined r u n s  a t  2 ~ y  and 4 GY with-out 
l ead  impl ies  t h e  e f f e c t  of p o s i t r o n s  i n  t h e  beam is small .  The combina- 
t i o n  of 2 and 4GV c a l i b r a t i o n  runs  w i t h  no lead  s h i e l d  i n  f r o n t  of 
t h e  d e t e c t o r  was used i n  f u r t h e r  reducing t h e  d a t a .  
The average pu l se  he ight  f o r  minimally i on iz ing ,  s i n g l y  
charged, c l ean  p a r t i c l e  events  was 3.05 5 0.03 channels .  Other p u l s e  
he igh t s  w i l l  be  expressed r e l a t i v e  t o  t h i s  one us ing  Table I. 
The above a n a l y s i s  of t he  ca lor imeter  pu l se  he ight  d i s t r i b u t i o n s  
assumed t h a t  t h e  inc iden t  p a r t i c l e s  were a l l  minimally i on iz ing .  T h i s  
assumption can be checked by comparing t h e  r e s p e c t i v e  dE/dx pu l se  
he ight  d i s t r i b u t i o n s  given i n  F igure  6. The sea  l e v e l  cosmic r ay  meson, 
2GV and 4GV proton  event  d i s t r i b u t i o n s  a r e  of approximately t h e  same 
s i z e  and shape al though the meson d i s t r i b u t i o n  peak is s l i g h t l y  lower 
than t h a t  of t h e  pro tons .  Also p l o t t e d  a r e  t h e  d i s t r i b u t i o n s  f o r  
e l e c t r o n  showers t o  be discussed i n  t he  next  s e c t i o n .  
B ,  E lec t ron  Exposure 
The f a c i l i t i e s  of t h e  Corne l l  Univers i ty  E lec t ron  Synchrotron 
were used t o  o b t a i n  dE/dx and ca lor imeter  pu l se  he igh t s  of showers 
produced i n  l ead  by e l e c t r o n s  of known energy. The inc iden t  e l e c t r o n s  
were t h e  r e s u l t  of p a i r  product ion by Bremsstrahlung gamma rays  
s t r i k i n g  a lead  t a r g e t ,  The emerging beam was momentum analyzed be fo re  
passing on t o  t h e  d e t e c t o r .  
The experimental  arrangement used is  g iven  i n  F igure  4b. 
Measurements were taken a t  105, 150, 300, 600, 1000, and 1200 MeV by 
varying t h e  cu r r en t  of t h e  analyzing magnet. The d e t e c t o r  w a s  i n c l i n e d  
a t  10' t o  t h e  beam during t h e  1000 MeV exposure, however, a l l  t he  o t h e r  
experiments were conducted wi th  t h e  inc iden t  e l e c t r o n  t r a j e c t o r y  
p a r a l l e l  t o  t h e  d e t e c t o r  a x i s .  The r i g i d i t y  was def ined  t o  w i t h i n Q 2  at ~ G V .  
The synchrotron was pulsed every 1 /60  s e c  providing t h e  d e t e c t o r  
w i th  a few e l e c t r o n s  per  second. 
Table I1 shows t h a t  s e v e r a l  thousand showers were observed a t  
each energy. Consequently, t h e  number of events  was s u f f i c i e n t  f o r  
adequate s t a t i s t i c a l  accuracy i n  t he  d i s t r i b u t i o n  of pu l se  he igh t s .  
Figure 7 g ives  t h e  pulse  he ight  d i s t r i b u t i o n  f o r  t h e  ca lor imeter  
counter  f o r  t h e  i n c i d e n t  e l e c t r o n  energ ies  i n v e s t i g a t e d .  The higher  t he  
i n c i d e n t  e l e c t r o n ' s  energy, t h e  l a r g e r  t he  average pu l se  he igh t  f o r  
t h e  r e s u l t i n g  shower. The average pulse  he igh t s  and s tandard  dev ia t ions  
f o r  t h e  dE/dx and ca lor imeter  counters  a r e  given i n  Table 111 a s  a 
func t ion  of i n c i d e n t  e l e c t r o n  energy. The r e s o l u t i o n  of t he  counters  
w i l l  be d i s c u s s e d  in d e t a i l  i n  Chapter XV, Tahle I11 also gives the 
s t a n d a r d  e r r o r s  ( s t a n d a r d  d e v i a t i o n l s q u a r e  root of t h e  total nitmber of 
events )  i n  t h e  dE/dx and ca lor imeter  pu l se  he igh t s .  
Since t h e  i o n i z a t i o n  energy l o s s  r a t e  i s  e s s e n t i a l l y  cons tan t  
over t h e  i n c i d e n t  e l e c t r o n  energ ies  s tud ied  (6-1), t h e  i nd iv idua l  
d ~ / d x  d i s t r i b u t i o n s  a l l  l a y  on top of one another  w i t h i n  experimental  
e r r o r .  These d a t a  were averagedto g ive  t h e  e l e c t r o n  dE/dx d i s t r i b u t i o n  
i n  F igure  6. It has t h e  same shape and s i z e  a s  t h a t  f o r  t he  s e a  
l e v e l  cosmic r ay  mesons, 2GV and 4GV proton  events .  These observa t ions  
show t h a t  very  few events  were produced by m u l t i p l e  i n c i d e n t  p a r t i c l e s .  
ELECTRON SHOWER TRACK LENGTHS AND FLUCTUATIONS 
An important parameter of an  e l e c t r o n  shower is i ts  t r a c k  
length  defined a s  t h e  i n t e g r a l  under t h e  curve of average number of 
p a r t i c l e s  p l o t t e d  a s  a  func t ion  of depth ,  It is  a measure of t h e  t o t a l  
d i s t a n c e  t r a v e l e d  by a l l  p a r t i c l e s  i n  t h e  shower i n  u n i t s  of r a d i a t i o n  
l eng ths .  Track l eng ths  were computed from t h e  observed s c i n t i l l a t i o n  
counter  pu l se  he igh t  d a t a  and from t h e  observed Geiger tube shower curves.  
A comprehensive comparison of t hese  r e s u l t s  and those  from va r ious  
o the r  experimental  and t h e o r e t i c a l  (Monte Carlo c a l c u l a t i o n s )  methods of 
determining t r a c k  lengths  is  presented i n  t h i s  chapter .  The observed 
t r a c k  l eng ths  based on s c i n t i l l a t i o n  counter  pu l se  he ights  were i n  
agreement w i th  those  presented i n  t h e  l i t e r a t u r e ;  however, t h e  observed 
t r a c k  l eng ths  based on Geiger tube  shover curves were pe rcep t ib ly  d i f f e r e n t  
from o the r  experimental ly  determined t r a c k  lengths .  The shower curves 
obtained from t h e  Geiger tube information were decidedly d i f f e r e n t  from 
the  o the r  experimental ly  and t h e o r e t i c a l l y  determined curves.  
It i s  commonly assumed i n  t h e  l i t e r a t u r e  t h a t  t h e  e l e c t r o n  shower 
energy,Eo,  i s  d i r e c t l y  p ropor t iona l  t o  t he  t r a c k  length ,  T ,  
where E i s  the  cons tan t  o f  p r o p o r t i o n a l i t y  measured i n  u n i t s  of MeV/r.l, 
and is  c a l l e d  t h e  t r a c k  l eng th  cons tan t .  Values of t h e  t r a c k  l eng th  
cons tan t  a r e  computed from t h e  observed d a t a  and compared wi th  va lues  
given i n  t he  l i t e r a t u r e .  I n  gene ra l ,  t h e  t r a c k  l eng th  cons tan t  i nc reases  
a s  t h e  shower energy inc reases  f o r  t he  observed s c i n t i l l a t o r  pu lse  he ight  
and Geiger tube d a t a  implying t h e  r a t e  of energy d i s s i p a t i o n  i s  not  
independent of shower energy. The average va lues  of t h e  t r a c k  l eng th  
cons tan t  ca l cu la t ed  from t h e  s c i n t i l l a t i o n  counter  pu lse  he ight  d a t a  and 
from t h e  Geiger tube  d a t a  i n  t h e  energy range 105 MeV < Eo< 1200 MeV were 
respectively,l7.~t,4MeV/r.l. and 34.1 + 1 . 8  MeVlr.1. The logar i thmic  
s l o p e s ,  K ,  of t h e  shower curves a t  l a r g e  depths ,  def ined a s  d Rn N/dx, 
a r e  a l s o  computed from t h e  observed Geiger tube d a t a  and compared t o  
those va lues  given i n  t h e  l i t e r a t u r e .  The va r i ance  i n  t h e s e  observed 
t r a c k  lengths  was i n v e s t i g a t e d ,  and a  graph of t r a c k  l eng th  f l u c t u a t i o n s  
a s  a  func t ion  of shower energy i s  p l o t t e d  f o r  t h e  s c i n t i l l a t i o n  counter  
pu l se  he ight  d a t a  and Geiger tube d a t a .  
The dependence of t he  var iance  i n  t h e  number of Geiger tubes 
discharged i n  a t r a y  on depth i s  considered and compared wi th  va lues  
quoted i n  t he  l i t e r a t u r e .  It was found t h a t  t h e  va r i ance  dependence on 
depth is q u i t e  d i f f e r e n t  from t h a t  observed i n  o the r  experiments.  
A .  Track Lengths Based on S c i n t i l l a t i o n  
Counter Pulse  Heights 
Track l e n g t h s ,  T,werecomputed from t h e  observed d a t a  by 
numerical i n t e g r a t i o n  of t he  shower curves:  
where N i s  t h e  number of p a r t i c l e s  present  a t  depth X and AXk is t h e  k  k  ' 
width of t h e  i n t e r v a l  over which N i s  measured. For t h e  observed k  
s c i n t i l l a t i o n  counter  pu l se  he igh t  d a t a ,  A$, was a  cons tan t  equal  t o  
4 3 r . l .  The summation, $ N k ,  is  then  j u s t  t h e  r a t i o  of t h e  average 
shower pulse  he igh t  t o  t h e  average pu l se  he ight  f o r  a  minimally i on iz ing  
s i n g l y  charged p a r t i c l e  (c lean  pro ton  even t ) .  However, a  c o r r e c t i o n  
must be  made f o r  t h e  po r t ion  of t h e  shower t h a t  develops beyond t h e  
ca lor imeter  counter .  For t h e  ene rg i e s  s tud ied  he re ,  t h e  shower curves 
have cons tan t  exponent ia l  decay f a c t o r s  a t  depths corresponding t o  t h e  
l a s t  few s c i n t i l l a t o r  p l a s t i c  s l a b s .  Hence, t h e  p o r t i o n  of t h e  t r a c k  
l eng th  not  measured by t h e  ca lor imeter  counter  can be approximated by 
N K .  Here, NL is  t h e  number of p a r t i c l e s  de tec ted  by t h e  l a s t  s c i n t i l l a t o r  
and K is  t h e  logar i thmic  s lope  of t h e  ex t r apo la t ed  shower curve. The 
d a t a  ofNeely (1968) were used f o r  t hese  c a l c u l a t i o n s .  
The r e s u l t i n g  t r a c k  lengths  and t r a c k  l eng th  cons t an t s ,  E, 
obtained from t h e  s c i n t i l l a t i o n  counter  d a t a  a r e  l i s t e d  i n  Table V I I  under 
t h e  heading "Observed-Scin t i l l a t ion  Counter." Also t abu la t ed  a r e  o t h e r  
va lues  f o r  t r a c k  l eng th ,  shower curve exponent ia l  s l o p e ,  and t r a c k  length  
cons tan t  i n  t h e  l i t e r a t u r e  which w i l l  be discussed l a t e r .  The e r r o r  due 
t o  d i f f e r i n g  s e n s i t i v i t i e s  of the  f i v e  s c i n t i l l a t o r  p l a s t i c  s l a b s  of t h e  
calorimeter counter was found to be negligible- The main source of error 
in these track lengths stems from the normalization of the shower average 
pulse heights by that of a clean proton event pulse height and amounts 
to about 20.2 channels. As the incident electron energy decreases, the 
track length of the shower decreases. 
The variance in the track length, T, based on scintillation 
counter pulse heights was also investigated. Since the track length is 
directly proportional to the electron shower average pulse height, Ps ' 
one has 
where 0~ and AP are the respective standard deviations of T and P . 
s S 
The standard deviation of P in units of pulse height may be obtained 
S 
from the standard deviation of the shower average pulse height in 
channels. These latter standard deviations are listed in Table 111 and 
range from 1.16 2 .02 channels at 1200 MeV to 2.01 + ,03 channels. at 
105 MeV. 
The relationship between channels, C, and pulse height, P ,  for 
a scintillation counter pulse height distribution was discussed in 
Chapter I1 and is 
Therefore,  t ak ing  t h e  n a t u r a l  logari thm of both s i d e s  of ( I V - 4 )  and 
al lowing P  and C t o  f l u c t u a t e  by r e s p e c t i v e  amounts AP and AC r e s u l t s  i n  
a  percent  fluctuation of t h e  s c i n t i l l a t i o n  counter  pu l se  he ight  d i s t r i b u t i o n  
given by 
The observed percent  f l u c t u a t i o n s i n  the  e l e c t r o n  shower average 
pu l se  h e i g h t ,  APos/Pos, a t  a  given energy a r e  composed of an  i n t r i n s i c  
f l u c t u a t i o n  due t o  photbe lec t ron  s t a t i s t i c s  i n  t h e  counters ,  APi/Pi, 
and a  shower f l u c t u a t i o n ,  APs/Ps: 
Using (IV-5), t h e  percent  f l u c t u a t i o n  i n  t h e  average pu l se  h e i g h t ,  Po ' 
of one c l ean  pro ton  event  may be expressed i n  terms of t h e  f l u c t u a t i o n s  
of t h e  average pulse  he igh t  i n  u n i t s  of channels ,  ACo, 
(IV - 7) 
The percent  f l u c t u a t i o n  due t o  N such p a r t i c l e s  would then  be 28.8 AC,  
where AC i s  
( I V  - 8) 
In the case of electron showers observed with a scintillation counter, 
t h e  va lue  used f o r  N i s  
Combining (IV-4, 5 ,  8 ,  9 ) ,  AP. /P .  becomes 
1 1  
( I V  - 10)  
where C and C a r e  t h e  r e spec t ive  average pu l se  h e i g h t s  of t h e  c l ean  
0 s 
proton event and e l e c t r o n  shover i n  u n i t s  of channels .  Therefore,  
s u b s t i t u t i n g  (IV-10) i n t o  (IV-6), using APos/Pos = 28.8 ACos,  and (IV-3), 
t h e  percent  f l u c t u a t i o n  i n  t h e  e l e c t r o n  shower t r a c k  l eng th  i s  
(IV - 11) 
Table I V  l is ts  t h e  percent  f l u c t u a t i o n  due t o  photoe lec t ron  
s t a t i s t i c s ,  Api/Pi, given by (IV-19) and t h e  percent  f l u c t u a t i o n  i n  
shower t r a c k  l eng th ,  /T ,  given by (IV-11) a s  a  func t ion  of shower T  
energy. The percent  f l u c t u a t i o n  due t o  t he  photoe lec t ron  s t a t i s t i c s  
i nc reases  a s  t h e  shower energy decreases .  The 300MeV e l e c t r o n  shower 
s c i n t i l l a t i o n  counter pu l se  he ight  d i s t r i b u t i o n  had t h e  same observed 
percent  f l u c t u a t i o n  (46%) a s  t h a t  of t h e  pu l se  he igh t  d i s t r i b u t i o n  of a 
c l ean  proton event .  A graph of (IV-11) p1o t t edaga ins t  t h e  inc iden t  
e l e c t r o n  energy, Eo ,  f c r  the  showers i nves t iga t ed  is  given i n  
Figure8. A s o l i d  l i n e  curve i s  f i t t e d  t o  t hese  p o i n t s .  This  
percent  f l u c t u a t i o n ,  o /T, may be  expressed a s  a  power law of T  
t h e  i n c i d e n t  e l e c t r o n  energy, 
o -(0.12 f 0.03) T  
T (IV - 12) 
i n  t h e  energy i n t e r v a l  150 MeV<Eo<1200 M e V .  Below 150 MeV, t h e  
percent  f l u c t u a t i o n s  drop o f f  sha rp ly .  I n  t h i s  reg ion ,  a  l a r g e  
p r o t i o n  of t h e  shown p a r t i c l e s  have ba re ly  enough energy t o  reach 
t h e  f i r s t  s c i n t i l l a t o r  s l a b  of t h e  ca lor imeter  counter .  These 
p a r t i c l e s  end up depos i t ing  only enough energy i n  t h e  coun te r ' s  
s c i n t i l l a t o r  s l a b s  t o  r e g i s t e r  i n  t h e  zero channel of t he  e l e c t r o n  
shower pu l se  he igh t  d i s t r i b u t i o n  and should not  be  considered a s  
con t r ibu t ing  t o  t h e  percent  f l u c t u a t i o n s  i n  t h e  t r a c k  length  based 
on s c i n t i l l a t i o n  counter  pu lse  he igh t s .  However, t h i s  e f f e c t  cannot 
be separa ted  from t h a t  produced by events  t h a t  pass  through a l l  
f i v e  s c i n t i l l a t o r  s l a b s  of t h e  ca lor imeter  counter  and r e g i s t e r  
an energy l o s s  corresponding t o  t h e  zero channel of t h e  shower 
pu l se  h e i g h t  d i s t r i b u t i o n .  
B. Track Lengths Eased on Geiger 
Tube Information 
The Geiger tube  d a t a  r e l a t e d  t o  e l e c t r o n  shower curves a r e  
i n  terms of average number of tubes discharged per  t r a y .  To 
o b t a i n  a  t r a c k  l eng th  based on t h i s  in format ion ,  a  model r e l a t i n g  
t h e  average number of tubes discharged pe r  t r a y  and t h e  average 
number of p a r t i c l e s  present  a t  t h e  t r a y  is  needed. 
1. Geiger tube shower curve d a t a .  The Geiger tube  
---.--  
discharge  d a t a  from var ious  experiments were preserved i n  t h e i r  
e n t i r e t y  a t  t h e  time of d a t a  taking.  L a t e r  a  computer scanning 
program de le t ed  any events  i n  which more than  one tube was d i s -  
charged i n  any d i r e c t i o n a l  f i l t e r  t r a y  thus  d iscr imina t ing  a g a i n s t  
i n t e r a c t i o n s  and mul t ip l e  i nc iden t  p a r t i c l e s .  Table I1 gives  t h e  
t o t a l  number of Geiger tube d ischarges  observed a s  a  func t ion  of 
i n c i d e n t  e l e c t r o n  energy along wi th  t h e  t o t a l  number of events  
observed, percent  and number of events  used i n  f u r t h e r  d a t a  
a n a l y s i s .  There were enough tube d ischarges  t o  provide adequate 
s t a t i s t i c a l  accuracy. 
Various parameters may be ca l cu la t ed  from t h e  Geiger tube  
information.  I n  p a r t i c u l a r ,  mat r ices  of t h e  number of t imes 
in a given tray l e r e  discharged were compiled a s  a 
f u n c t i o n  of i n c i d e n t  e l e c t r o n  energy.  From this f o r m a t ,  t he  average 
t h  
number o f  t u b e s  d i s c h a r g e d  i n  t h e  i / t r a y ,  < n . > ,  was c a l c u l a t e d  
1 
and t h e  r e s u l t s  are g i v e n  i n  T a b l e  V a long w i t h  t h e  v a r i a n c e ,  
o ', i n  t h e  number o f  t u b e s  d i scharged  i n  t h e  ith t r a y  a s  a f u n c t i o n  i 
o f  energy and d e p t h  i n  t h e  shower. Values f o r  <ni> were  computed 
u s i n g  t h e  summation 
(IV - 13) 
where P i s  t h e  p r o b a b i l i t y  of having j d i s c h a r g e s  i j 
i n  t h e  i th/tray o r  t h e  r a t i o  o f  t h e  number of d i s c h a r g e s  i n  
t h e  ith/ t r a y  t o  t h e  t o t a l  number of showers used.  
2. R e l a t i o n s h i p  between t u b e s  d i s c h a r g e d  and p a r t i c l e s  
p r e s e n t .  I f  t h e  number of shower p a r t i c l e s ,  NA, p e r  u n i t  a r e a  
p a s s i n g  through a p l a n e  a t  a  dep th  X p e r p e n d i c u l a r  t o  t h e  l o n g i t u d i n a l  A  
development o f  t h e  shower is  s m a l l  enough, t h e n  t h e  p r o b a b i l i t y ,  P ~ '  
of more t h a n  one  p a r t i c l e  p a s s i n g  through a g i v e n  t u b e  would b e  
n e g l i g i b l e .  Hence, t h e  average  number o f  t u b e  d i s c h a r g e s  a t  XA 
would b e  e q u a l  t o  t h e  average  number o f  p a r t i c l e s  p r e s e n t  and c a p a b l e  
o f d i s c h a r g i n g  a Geiger  t u b e .  A s  t h e  i n c i d e n t  e l e c t r o n  energy i n c r e a s e s ,  
however, NA a l s o  i n c r e a s e s  p o s s i b l y  becoming l a r g e  ezough 
t o  make PA s i g n i g i c a n t ,  and t h e  c a p a b i l i t y  o f  t h e  Gieger  
t u b e s  t o  d i s t i n g u i s h  i n d i v i d u a l  p a r t i c l e s  a s  s i n g l e  t u b e  
discharges  diminishes.  The hodoscope i s  s a i d  t o  s a t u r a t e  under t hese  
condi t ions .  
To c o r r e c t  f o r  t h e  s a t u r a t i o n  e f f e c t ,  the  fol lowing model was 
devised:  assume t h a t  exac t ly  N p a r t i c l e s  a r e  i n c i d e n t  on t h e  Geiger 
tubes of a  t r a y  i n  t h e  hodoscope. Let  pk be  t h e  p r o b a b i l i t y  t h a t  a  
given p a r t i c l e  passes  through t h e  kth/ tube i n  t h e  t r a y .  Then ok = 1- p k  
is  t h e  p r o b a b i l i t y  t h a t  i t  does n o t  pass  through t h e  kth/ tube.  Assuming 
t h a t  t h e  p a r t i c l e s  a r e  s t a t i s t i c a l l y  independent,  t h e  p r o b a b i l i t y  t h a t  
t h  t h e  k / tube  i s  discharged with N p a r t i c l e s  i nc iden t  is  
(IV - 1 4  ) 
The average number of tubes discharged i n  a  t r a y  f o r  N p a r t i c l e s  i nc iden t  
i s  then  
Expanding (IV-14) i n  a  power s e r i e s  g ives  
Note that 
( I V  - 1 7 )  
Let  P (N) b e  t h e  p r o b a b i l i t y  t h a t  n  tubes a r e  discharged when N p a r t i c l e s  
n 
a r e  i n c i d e n t  on a  t r a y ,  and l e t  P b e  t h e  p r o b a b i l i t y  t h a t  N p a r t i c l e s  N 
a r e  i n c i d e n t  on t h a t  t r ay .  Then t h e  average number of tubes discharged 
f o r  an  average number of p a r t i c l e s  i n c i d e n t ,  < N > ,  is 
Let 
Then (IV - 1 8 )  becomes 
<n> <N>. -(I + a)<N> - a < ~ ~ >  
( I V  - 1 9 )  
(IV - 20)  
Let pA be t h e  p r o b a b i l i t y  that a  p a r t i c l e  i s  inc iden t  on t r a y  A ,  and 
l e t  q be t h e  p r o b a b i l i t y  t h a t  a  p a r t i c l e  i s  not  i nc iden t  on t h a t  tray. A 
Then t h e  p robab i l i t y ,P  , t ha t  a f t e r  11 independent t r i a l s ,  N p a r t i c l e s  A 
are inc ident  on t r a y  A i s  given by the  binomial formula 
The expec ta t ion  va lues  i n  (IV - 20) may be eva lua ted  using ( I V  - 21) 
and t h e  binomial d i s t r i b u t i o n  genera t ing  func t ion ,  G ,  
(IV - 22) 
The r e s u l t i n g  average number of tube  d ischarges  i n  t r a y  A when an average 
number of p a r t i c l e s ,  <NA, a r e  i nc iden t  i s  
(IV - 2 3 )  
sssuming r l > > l .  
The Geiger tube and s c i n t i l l a t i o n  counter  d a t a  were compared 
t o  o b t a i n  a  numerical va lue  f o r  t h e  s a t u r a t i o n  e f f e c t  cons t an t ,  a .  
I f  t h e  summation i n  ( I V  - 18) i s  extended over a l l  tubes i n  t r a y s  5 
through 10 ,  then  t h e  corresponding f i r s t  o rder  approximation f o r  t h e  
average t o t a l  number of tubes discharged i s  <n > 
tot Nabs, 
(LV - 2 4 )  
where 
T h e  t o t a l  average number of shower p a r t i c l e s  i n c i d e n t  on and capable 
of d i scharg ing  t h e  Geiger tubes i n  t r a y s  5 though 10 is  represented  
by NobS. However, Nabs i s  unknown a t  t h i s  p o i n t ,  s o  t h e  normalized 
average pu l se  he ight  given by (IV - 9) i s  used i n  its place .  By 
p l o t t i n g  <n P s P s /6(K) a g a i n s t  (=) and c o r r e c t i n g  f o r  t h e  r e l a t i v e  
responses of Geiger tubes and s c i n t i l l a t i o n  p l a s t i c ,  t h e  s a t u r a t i o n  
e f f e c t  cons tan t ,  a ,  w a s  found t o  be 
a = 0.087 - + 0.009 (IV - 26)  
Assume p i s  equal  t o  l / v  , where v i s  t h e  number of tubes k 
involved per  t r a y  - those  tubes discharged most o f t e n  on the  average 
f o r  a l l  showers. Then us ing  (IV - 19) f o r  t he  s a t u r a t i o n  e f f e c t  
cons tan t  l eads  t o  a  = 1 1 2 ~ .  S u b s t i t u t i n g  (IV - 26) f o r  t h e  s a t u r a t i o n  
e f f e c t  cons tan t  r e s u l t s  i n  v = 6+1 - tubes.  Hence, one would expect t h e  
l a t e r a l  width of t h e  showers t o  be about 6 tubes.  This  conclusion i s  
confirmed by t h e  computer shower da t a .  Since t h e  average number of 
tube  d ischarges  per  t r a y ,  <n> ,  i s  a t  most about 3 d i s c h a r g e s l t r a y ,  i t  
i s  no t  unreasonable t h a t  t he  p r o b a b i l i t y  of more than  one p a r t i c l e  
pass ing  through a given tube per  shower i s  smal l .  
The shower curves based on s c i n t i l l a t i o n  counter  pu lse  
he igh t  d a t a  of Neely (1968) were a l s o  used t o  check t h e  magnitude of 
t h e  s a t u r a t i o n  e f f e c t  cons t an t .  The r e s u l t  was a = 0.076 + - 0.006 
which i s  c o n s i s t e n t  w i t h  t h e  va lue  given i n  (IV - 2 6 ) .  
Using the  s a t u r a t i o n  e f f e c t  cons t an t ,  a, defined by (IV - 2 6 ) ,  
(IV - 23) may be rearranged t o  g ive  
( I V  - 27 ) 
The shower curves shown i n  F igure  9 were computed us ing  (IV -26) 
and (IV - 27) f o r  t h e  energ ies  i n v e s t i g a t e d .  The r e s u l t  of t h e  sa tu ra -  
t i o n  e f f e c t  c o r r e c t i o n  i s  t o  s h i f t  t h e  e n t i r e  Geiger tube shower curve 
of tube  d ischarges  up - more s o  near  shower maximum than anywhere e l s e .  
3 .  Track lengths .  The t r a c k  l e n g t h s  based on Geiger tube  
d a t a  were computed by numerical i n t e g r a t i o n  of t h e  Geiger tube  shower 
curves us ing  (IV - 2 ) .  Values of W were ca l cu la t ed  us ing  (IV - 27) ,  k 
and the  q u a n t i t y  AXk was a  cons tan t  equal  t o  1.49 r.1. However, a  
c o r r e c t i o n  was made f o r  t h a t  p o r t i o n  of t h e  shower that developed 
beyond t h e  hodoscope. A t  t h e  ene rg i e s  s tud ied  he re ,  t h e  shower curves 
have cons tan t  exponent ial  decay f a c t o r s  a t  depths corresponding t o  t h e  
l a t t e r  t r a y s  i n  t h e  d e t e c t o r .  Hence, a s  i n  t he  case of t r a c k  l eng ths  
based on s c i n t i l l a t i o n  counter  p u l s e  h e i g h t s ,  t h e  po r t ion  of t h e  t r a c k  
l eng th  not  measured by the  hodoscope was a n a l y t i c a l l y  determined. 
The resulting observed and ex t r apo la t ed  track lengtl-1 based 
on Geiger tube d a t a  and cor rec ted  f o r  t h e  s a t u r a t i o n  e f f e c t  a r e  l i s t e d  
i n  Table V I I  under t h e  heading "Observed - Geiger Tube." The main 
sources of e r r o r  he re  a r e  due t o  t h e  unce r t a in ty  i n  t h e  s a t u r a t i o n  
e f f e c t  cons t an t ,  a ,  and i n  t h e  logar i thmic  s lope  (K =dln<N>/dx) ; 
both a r e  included i n  t h e  corresponding t r a c k  l e n g t h  e r r o r s .  Also given 
a r e  t h e  logar i thmic  s l o p e s o f t h e  shower curves a t  l a r g e  depths under 
t h e  heading "Slope" and t h e  t r a c k  l eng th  cons t an t ,  E. 
The va r i ance  i n  t h e  t r a c k  l eng ths  based on t h e  Geiger tube  
information was inves t iga t ed  a s  a func t ion  of energy. This t r a c k  
l eng th  i s  d i r e c t l y  p ropor t iona l  t o  t h e  average t o t a l  number of Geiger 
tubes  discharged,  <n i n  t h e  e l e c t r o n  shower. The percent  f l u c t u a t i o n  
to t '  ' 
i n  t h e  t r a c k  l e n g t h ,  oT/T i s  then  
(IV - 28) 
<n > 
t o t  
where oT and o a r e  t he  r e s p e c t i v e  s tandard  dev ia t ions  i n  t r a c k  
n t o t  
l e n g t h  and t o t a l  number of tubes discharged.  Numerical va lues  f o r  
<n > and a were obtained from t h e  Geiger tube d a t a  using a computer 
t o t  n t o t  
program. 
Table V I  g ives  t h e  r e s u l t i n g  va lues  of oT/T, <n >, and on 
t o t  t o t  
I n  genera l ,  <n > and a decrease  a s  t he  inc iden t  e l e c t r o n  energy 
t o t  n t o t  
decreases ranging, r e s p e c t i v e l y ,  f rom L4,23'0,22 tube d i s c h a r g e s  and 
3.06k0.06 t u b e  d i s c h a r g e s  a t  1200 MeV t o  2 . 5 7 N . 0 6  t u b e  d i s c h a r g e s  and 
1.53k0.03 t u b e  d i s c h a r g e s  a t  105 MeV. A p l o t  of t h e  t r a c k  l e n g t h  p e r c e n t  
f l u c t u a t i o n s  g i v e n  by (IV - 28) a s  a  f u n c t i o n  o f  t h e  i n c i d e n t  e l e c t r o n  
energy ,  E is  shown i n  F i g u r e  10 .  These p e r c e n t  f l u c t u a t i o n s  g r a d u a l l y  
0 ' 
i n c r e a s e  more r a p i d l y  as t h e  energy d e c r e a s e s .  
The f o l l o w i n g  model was dev i sed  t o  e x p l a i n  t h i s  b e h a v i o r :  t h e  
average  t o t a l  number o f  t u b e  d i s c h a r g e s ,  <n  t o t  > ,  may b e  r e l a t e d  t o  t h e  
average  t o t a l  number of shower p a r t i c l e s ,  < N t o t  > , c a p a b l e  of d i s c h a r g i n g  
Geiger  tubes  by 
<n > = I  g E O t )  P~ - P 
t o t  t o t  n  t o t  
- N t o t  Nto t  
t o t  yNtot  N t o t  
(IV - 29) 
= P 'Ntot> 
Here, Pn(N ) , is  t h e  p r o b a b i l i t y  of hav ing  n  t u b e s  d i scharged  when 
toliot t o t  
N t o t  p a r t i c l e s  a r e  i n  t h e  shower,and P i s  t h e  p r o b a b i l i t y  t h a t  N N t o t  t o t  
p a r t i c l e s  a r e  p r e s e n t .  It h a s  been assumed t h a t  t h e  t o t a l  average number 
of t u b e s  d i s c h a r g e d ,  <n  > , when N p a r t i c l e s  a r e  i n  a shower i s  
t o t  N t o t  t o t  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  t o t a l  number o f  p a r t i c l e s ,  N t o t ,  where t h e  
c o n s t a n t  of p r o p o r t i o n a l i t y  i s  p.  S i m i l a r l y ,  t h e  v a r i a n c e  i n  t h e  t o t a l  
number of t u b e s  d i s c h a r g e d  is  g iven  by 
V a r  n  2  
= ntotPn:fEot) 'N - < n  t o t  > (IV - 30) t o t  
n  
t o t  ' N t o t  t o t  
Graphs of t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  t o t a l  number o f  t u b e s  
d i s c h a r g e d  were p l o t t e d  and f i t t e d  t o  normal d i s t r i b u t i o n  f u n c t i o n s  - 
a  l i m i t i n g  c a s e  of t h e  b inomia l  d i s t r i b u t i o n .  Using t h e  l a t t e r  d i s t r i b u -  
t i o n  f u n c t i o n ,  t h e  v a r i a n c e  becomes 
V a r  n  - 2  
- ~ ( 1  - P)  Nto t  = <n > - < n  > t o t  t o t  t o t  (IV - 31) 
S u b s t i t u t i n g  ( I V  - 31) i n t o  (IV - 3 0 ) ,  d i v i d i n g  by t h e  s q u a r e  of (IV - 1 9 ) ,  
t a k i n g  t h e  s q u a r e  r o o t  of t h i s  f r a c t i o n ,  and m u l t i p l y i n g  by 100 g i v e s  
t h e  p e r c e n t  f l u c t u a t i o n  i n  t h e  t r a c k  l e n g t h ,  oT/T, 
The f i r s t  t e r m  i n  (IV - 32) , ( ~ - P ) / ~ < N ~ ~ ~ > ,  c o n s i d e r s  f l u c t u a t i o n s  due 
t o  sampl ing s t a t i s t i c s ,  and t h e  second te rm,  VarNtot '<Ntot > 2 ,  c o n s i d e r s  
f l u c t u a t i o n s  due t o  u n c e r t a i n t i e s  i n  t h e  number of shower p a r t i c l e s  
p r e s e n t .  
Consider  t h e  c a s e  where t h e  number of shower p a r t i c l e s  does n o t  
f l u c t u a t e ,  t h e n  (IV - 32) reduces  t o  
0 1 1112 
= 100 L<: - T > 
t o t  <Nto t ' j  
us ing  (IV - 29).  Values of t h e  t o t a l  number of shower p a r t i c l e s  capable 
of d i scharg ing  Geiger tubes a r e  given i n  Table V I I I  and w i l l  b e  used 
he re  d e f e r r i n g  d i scuss ion  of t h e  method of ob ta in ing  them t o  Chapter V. 
The percent  f l u c t u a t i o n s  due t o  sampling given by (IV - 33) a r e  p l o t t e d  
i n  Figure 10 and denoted by t h e  capt ion ,  "Var Nto t  = 0." The e r r o r  b a r s  
a r e  based on e r r o r s  i n  t h e  t o t a l  number of shower p a r t i c l e s .  The per- 
cen t  f l u c t u a t i o n s  due t o  sampling decrease  r ap id ly  a s  t h e  energy inc reases  
i n  t h e  energy range 105MeVcE <300MeV and i s  a  cons tan t  (19%) i n  t h e  
0 
i n t e r v a l  300MeV<Eo<1200MeV. The e n t i r e  curve l i e s  below t h e  Geiger tube  
d a t a .  The d i f f e r e n c e  between t h e  experimental percent  f l u c t u a t i o n s  using 
(IV - 28) and t h e  percent  f l u c t u a t i o n s  due t o  sampling using (IV - 33) 
is  i n t e r p r e t e d  a s  t h e  r e s u l t  of i n t r i n s i c  f l u c t u a t i o n s  i n  t h e  number of 
shower p a r t i c l e s  present  and capable of d i scharg ing  Geiger tubes.  
For example, assume t h a t  t he  f l u c t u a t i o n s  i n  t h e  number of t h e s e  
p a r t i c l e s  i s  descr ibed by a  Poisson d i s t r i b u t i o n ,  then Var N t o t  = < N t o t > ,  
and (IV - 32) becomes 
r 1 9 1 1 2  21 = 1001 <n > I  
P L tot j 
A 
These percent f l u c t u a t i o n s  are a l s o  plotted i n  F i g u r e  10 as a function 
of i n c i d e n t  e l e c t r o n  energy and denoted by t h e  c a p t i o n ,  "Var N =<N > . "  t o t  t o t  
T h i s  curve  l i e s  e n t i r e l y  above t h e  Geiger t u b e  d a t a  and g e n e r a l l y  d e c r e a s e s  
a s  t h e  energy i n c r e a s e s .  Hence, (IV - 32) w i t h  V a r  Ntot  = Q < N t o t > ,  
where O < Q < l ,  might b e  expected t o  f i t  t h e  p e r c e n t  f l u c t u a t i o n s  i n  
t r a c k  l e n g t h  based  on Geiger  t u b e  i n f o r m a t i o n ,  
The exper imenta l  p o i n t s  were  f i t t e d  by t h e  s o l i d  l i n e  i n  F i g u r e  1 0  c a l c -  
u l a t e d  u s i n g  (IV - 35) w i t h  Q 4 . 6 .  T h i s  r e s u l t  i m p l i e s  t h e  p e r c e n t  
f l u c t u a t i o n s  i n  t h e  t o t a l  number o f  shower p a r t i c l e s  was 74% Poisson .  
Comparison of t h e  observed t r a c k  l e n g t h  p e r c e n t  f l u c t u a t i o n s ,  
(IV - 28), w i t h  t h a t  u s i n g  (IV - 34) shows t h a t  f o r  e n e r g i e s  i n  t h e  
r e g i o n  105MeV<E <6OOMeV, t h e  i n t r i n s i c  p e r c e n t  f l u c t u a t i o n s  i n  t h e  
0 
number of shower p a r t i c l e s  i s  a s i z e a b l e  p o r t i o n  o f  t h e  observed p e r c e n t  
f l u c t u a t i o n s .  The i m p l i c a t i o n  h e r e  i s  t h a t  any improvement i n  t h e  
sampl ing s t a t i s t i c s  would n o t  change t h e  observed p e r c e n t  f l u c t u a t i o n s  
i n  t h e  t r a c k  l e n g t h  a p p r e c i a b l y .  However, a t  h i g h e r  e n e r g i e s ,  t h e  
observed p e r c e n t  f l u c t u a t i o n s  become almost  e n t i r e l y  due t o  sampl ing 
and could  b e  decreased  by i n c r e a s i n g  t h e  number of Geiger  t u b e  t r a y s  
used t o  measure t h e  e l e c t r o n  shower over  a  g iven  dep th  i n t e r v a l .  
Figure 8 displays the fluctuations based on scintillation counter 
p u l s e  h e i g h t s  and based  on Geiger  t u b e  d a t a  f o r  comparison. The Geiger  
t u b e  d a t a  a r e  approximated by a dashed l i n e .  At lower e n e r g i e s  (105MeV< 
E <150MeV), t h e  two t y p e s  o f  d e t e c t o r s  have v a s t l y  d i f f e r e n t  p e r c e n t  
0 
f l u c t u a t i o n  dependences on i n c i d e n t  e l e c t r o n  energy .  But a f t e r  t h e  two 
curves  c r o s s  a t  300 MeV, t h e y  appear  t o  approach a c o n s t a n t  n e g a t i v e  
s l o p e  o f  about  -0.12. 
C .  In te rcompar i son  o f  Track Lengths 
Derived by Various Methods 
Tab le  V I I  i n c l u d e s  v a l u e s  of t r a c k  l e n g t h s ,  shower curve  log-  
a r i t h m i c  s l o p e ,  and t r a c k  l e n g t h  c o n s t a n t ,  E, r e p o r t e d  by Beck l in  and 
E a r l  (1964) , and Thom (1964) us ing  m u l t i p l a t e  c loud chambers ; Neely 
(1968) , Beuermann and Wibberenz (1967) , and Backens t o s s ,  Hyams , Knop, 
and S t i e r l i n  (1962) u s i n g  s c i n t i l l a t i o n  c o u n t e r s ;  Heusch and P r e s c o t t  
(1964) us ing  a l u c i t e  Cerenkov c o u n t e r ;  Dr ickey ,  K i l n e r ,  and Benaksas 
(1968) u s i n g  a magnet ic  s p a r k  chamber; Kajikawa (1963) , and Cronin ,  
E n g e l s ,  Pyka, and Roth (1962) u s i n g  a s p a r k  chamber; and L e n g e l e r ,  
Deutschmann, and T e j e s s y  (1963) u s i n g  a propane bubble  chamber. Some 
of t h e  shower pa ramete rs  were  n o t  g iven  i n  s e v e r a l  of t h e s e  r e f e r e n c e s .  
When p o s s i b l e ,  v a l u e s  of t r a c k  l e n g t h ,  shower curve  l o g a r i t h m i c  s l o p e  
p a s t  shower maximum, and t r a c k  l e n g t h  c o n s t a n t  were approximated from 
d a t a  g iven  i n  t h e  r e f e r e n c e s  and a r e  followed i n  t h e  t a b l e  by a n  iden-  
t i f y j n g  a s t e r i s k ,  I n  a d d i t i o n ,  a  Monte Carlo c a l c u l a t i o n  by Craw- 
fo rd  and Messel (1962) f o r  s e v e r a l  e l e c t r o n  energ ies  i s  given f o r  
an energy cu tof f  of 10 MeV. 
The observed t r ack  length  and t r a c k  length  constant  based on 
t h e  s c i n t i l l a t i o n  counter pu lse  he igh t  d i s t r i b u t i o n s  a r e  i n  agreement 
wi th  those  of Ileely a s  would be  expected s i n c e  h i s  values of shower 
curve loga r i thmic  s l o p e  p a s t  shower maximum were used i n  ob ta in ing  t h e  
t o t a l  shower t r a c k  l eng ths .  Beuermann and Wibberenz's va lue  f o r  
200 MeV showers and 440 MeV showers f o r  t h e  t r a c k  l eng th  cons tan t  
i s  h igher  than t h e  observed va lue  ca l cu la t ed  f o r  a  600 MeV e l e c t r o n  
shower. 
The observed t r a c k  l eng ths  based on Geiger tube information 
a r e  c o n s i s t e n t l y  smal le r  than those  of o the r  types of d e t e c t o r s  over 
t h e  energy range inves t iga t ed .  The Monte Carlo c a l c u l a t i o n s  by Craw- 
fo rd  and Messel f o r  e l e c t r o n  shower t r a c k  l eng th  agree  wi th  t h e  t r a c k  
l eng ths  based on Geiger tube d ischarge  information although t h e i r  
r e s p e c t i v e  shower curves over t he  observed energy range a r e  decidedly 
d i f f e r e n t .  
Figure 11 d i sp l ays  shower curves obtained a t  a  s tandard  energy 
of 1000 MeV wi th  var ious  d e t e c t o r s  inc luding  t h e  m u l t i p l a t e  cloud 
chamber, l u c i t e  Cerenkov counters ,  magnetic spa rk  chamber, s c i n t i l l a t i o n  
counter ,  and t h e  hodoscope (using (IV - 25) and (IV - 26) ) . These 
experimental  r e s u l t s  a r e  compared wi th  Monte Car10 c a l c u l a t i o n s  by 
Messel ,  Smirnov, Valfolomeev, Crawford, and Butcher ( 1 9 6 2 )  w i t h  a 
iOMeV energy c u t o f f  and an Approximation B c a l c u l a t i o n  (Kossi  and 
Gre i sen ,  1941) f o r  a  ze ro  energy c u t o f f  (Snyder,  1938) .  The shower 
c u r v e s  of t h e  o t h e r  d e t e c t o r s  a r e  q u i t e  d i f f e r e n t  from t h a t  of t h e  
hodoscope. The hodoscope curve  h a s  a  lower shower maximum and l e s s  
s t e e p  s l o p e  a t  l a r g e  d e p t h s  t h a n  t h e  shower curves  of t h e  o t h e r  d e t e c t o r s .  
The m u l t i p l a t e  c loud chamber, l u c i t e  Cerenkov c o u n t e r ,  and magnet ic  
s p a r k  chamber have h i g h  energy c u t o f f s  f o r  charged p a r t i c l e s ,  and i n  
t h e  c a s e  of e l e c t r o n s ,  respond mainly  t o  t h o s e  having a n  energy above 
10MeV. Neely 's  s c i n t i l l a t i o n  c o u n t e r  was r e p o r t e d  t o  have a  c u t o f f  energy 
of approximately  8 t o  1 0  MeV.  
The hodoscope appears  t o  measure more p a r t i c l e s  t h a n  t h e  
o t h e r  d e t e c t o r s  a t  l a r g e  dep ths  e x c e p t  f o r  t h e  s c i n t i l l a t i o n  c o u n t e r s  
of Neely. T h i s  e f f e c t  may be  due t o  t h e  f a c t  t h a t  t h e  Geiger  t u b e s  a r e  
c a p a b l e  of d e t e c t i n g  p a r t i c l e s  i n  t h e  shower t h a t  are below t h e  s e n s i t i v e  
range  of t h e  o t h e r  d e t e c t o r s .  The v a r i o u s  d e t e c t o r s  d i s c u s s e d  have 
d i f f e r e n t  r esponses  t o  d i f f e r e n t  p a r t i c l e s .  For  example, t h e  m u l t i p l a t e  
c loud  chamber o n l y  responds t o  shower e l e c t r o n s  above a c e r t a i n  energy 
such t h a t  t h e  e l e c t r o n  t r a c k s  a r e  d i s t i n g u i s h a b l e  on a  pho tograph ic  f i l m .  
The Cerenkov c o u n t e r  i s  s e n s i t i v e  o n l y  t o  e l e c t r o n s  of s u f f i c i e n t  energy 
t o  produce Cerenkov l i g h t ,  and t h e  s c i n t i l l a t i o n  c o u n t e r  i s  s e n s i t i v e  t o  
b o t h  e l e c t r o n s  and gamma r a y s .  The hodoscope,  however, i s  composed bf 
Geiger  t u b e s  t h a t  a r e  s e n s i t i v e  t o  b o t h  e l e c t r o n s  and photons down t o  
ve ry  low e n e r g i e s  - t h e  p a r t i c l e  must have enough energy t o  pass  th rough  
0 ,06  r.1. of Geiger  t u b e  w a l l .  
The Monte Carlo c a l c u l a t i o n  shower curves were devised f o r  
h igh  energy e l e c t r o n s  and photons and agree  i n  genera l  wi th  t h e  shower 
curves obtained wi th  cloud chambers, Cerenkov coun te r s ,  spark chambers, 
and magnetic spa rk  chambers. I n  c o n t r a s t ,  t h e  hodoscope shower curves 
a r e  decidedly d i f f e r e n t  from these  curves.  
Comparison of t h e  shower curve based on Geiger tube  d a t a  w i t h  
Snyder 's c a l c u l a t i o n  using Approximation B f o r  a  zero  energy cu tof f  
shows t h a t  t h e  t h e o r e t i c a l  curve i s  c o n s i s t e n t l y  f a r  about t h e  curve 
based on Geiger tube d a t a  and has a  d i f f e r e n t  shape. 
D.  F luc tua t ions  
The dependence of t h e  va r i ance  i n  tube  d ischarges  on shower dep th  
i s  a l s o  of i n t e r e s t .  Table V g ives  t h e  va r i ance  (a2) of t ubes  d i s -  
charged per  t r a y  a s  a  func t ion  of depth and shower energy. Tkese v a r i -  
ances were ca l cu la t ed  from the  computer ma t r i ce s  mentioned i n  s e c t i o n  
B of t h i s  chap te r .  
A graph of va r i ance  i n  number of tube  d ischarges  pe r  t r a y  p l o t t e d  a s  a  
func t ion  of depth  i n  t h e  shower is  given i n  F igure  12 f o r  t he  hodoscope a t  
a  s tandard  energy of 1000 MeV. S imi la r  curves  a r e  p l o t t e d  f o r  va r ious  
o the r  d e t e c t o r s :  a l u c i t e  Cerenkov counter  (Heusch and P r e s c o t t ,  1 9 6 4 ) ,  
s c i n t i l l a t i o n  counters  (Neely, 1968),  and a  m u l t i p l a t e  cloud chamber 
(Thorn, 1964), These experimental results are compared with a Monte 
Carlo calcula t ion (Messel, Smirncv, Varfolomeev, Crawford, and Butcher, 
1962) having an energy cutoff of 10MeV. The variance curve based on 
Geiger tube data  is  perceptibly l e s s  steep pas t  the variance maximum 
than the  curves based on the  other detector  data. The observed variance 
curve i s  c lea r ly  l e s s  s teep pas t  variance maximum than- the  Monte Carlo 
ca lcu la t ion  curve. 
CORRELATIONS 
The c o r r e l a t i o n  c o e f f i c i e n t ,  p(N N ) ,  between t h e  number of A' B 
p a r t i c l e s ,  N and NB,  a t  two depths ,  X and A A $, i n  an e l e c t r o n  shower i s  
defined a s  
C(NA,NB> 
P ( N ~ , N ~ )  = 112 (v - 1) [ Var NA Var NB ] 
The covariance i n  t h e  number of p a r t i c l e s  a t  depths X A,$ is  represented  
by C(N ,N ) ,  and the  var iances  i n  t h e  number of p a r t i c l e s  a t  depth XA and A B 
a t  depth $ a r e  represented ,  r e s p e c t i v e l y ,  by Var NA and Var NB. 
These func t ions  a r e  def ined a s  
and 
L L Var N = o = < N ~ >  - <lqA> A A 
The s tandard  dev ia t ion  of t h e  number of p a r t i c l e s  a t  depth X i s  repre-  A 
s en ted  by a . The covariance i n  tube  d ischarges  o f f e r s  another  para- 
N~ 
meter t o  i n v e s t i g a t e  e l e c t r o n  showers. 
Values of the correlation coefficient and covariance were calcu- 
l a t e d  i n  t e r n s  ok Geiger  t u b e  d i s c h a r g e s  u s i n g  a  computer program and 
(V - , 2 3  These d a t a  were o b t a i n e d  f o r  t h e  f i f t e e n  p a i r s  of t r a y s  
( s e e  F i g u r e  1 ) :  5-6, 5-7;-*, 5-10, 6 - 7 , * * * ,  6-10, 7 -8 ,*** ,7 -10 ,  8-9, 
8-10, 9-10 f o r  e l e c t r o n  showers a t  105,  150 ,  300, 600, 1000, and 1200 MeV 
and f o r  p r o t o n  and s e a  l e v e l  cosmic r a y  meson e v e n t s .  The dependence of 
t h e  covar iance  i n  t h e  number of t u b e  d i s c h a r g e s  o n  t r a y  s e p a r a t i o n ,  
XB-XA, i n  u n i t s  of r a d i a t i o n  l e n g t h s  is  g iven  i n  g r a p h i c a l  form. 
A model is  p r e s e n t e d  t o  r e l a t e  t h e  c o v a r i a n c e  i n  t h e  number o f  
p a r t i c l e s  i n c i d e n t o n  and capab le  o f  d i s c h a r g i n g  Geiger  t u b e s  t o  t h e  covar- 
i a n c e  i n  t h e  number o f  t u b e s  discharged and t o  t h e  t o t a l  average  number 
o f  p a r t i c l e s  i n  t h e  showers as a  f u n c t i o n  o f  i n c i d e n t  e l e c t r o n  energy.  
The average  number o f  e l e c t r o n  shower p a r t i c l e s  ranged from 36.526.5 a t  
1200 MeV t o  4 .0 t0 .7  a t  105 MeV and are t a b u l a t e d .  A modif ied form o f  t h e  
model is a p p l i e d  t o  t h e  p r o t o n  and sea l e v e l  cosmic r a y  meson d a t a ,  and 
t h e  r e s u l t i n g  average  numbers of shower p a r t i c l e s  a r e  l i s t e d .  
P r o b a b i l i t y  d i s t r i b u t i o n s  f o r  Geiger  t u b e  d i s c h a r g e s  were c a l c u l a t e d  
f o r  each o f  t h e  t r a y s  f o r  t h e  e l e c t r o n  showers and f o r  t h e  p r o t o n  and s e a  
l e v e l  cosmic r a y  meson e v e n t s  s t u d i e d .  Binomial p r o b a b i l i t y  d i s t r i b u t i o n s  
were  f i t t e d  t o  t h e  t u b e  d i s c h a r g e  d i s t r i b u t i o n s  u s i n g  t h e  above mentioned 
v a l u e s  o f  t o t a l  number o f  shower p a r t i c l e s  a t  a g i v e n  i n c i d e n t  e l e c t r o n  
energy.  Po i sson  p r o b a b i l i t y  d i s t r i b u t i o n s  were  a l s o  c a l c u l a t e d  f o r  each 
t r a y  u s i n g  t h e  average  number of tubes  d i s c h a r g e d  i n  a t r a y  a s  t h e  mean 
of t h e  d i s t r i b u t i o n .  En g e n e r a l ,  t h e s e  two d i s t r i b u t i o n s  approximated 
t h e  t u b e  d i s c h a r g e  d a t a  of t r a y s  6 through 1 0  o v e r  t h r e e  decades o f  
p r o b a b i l i t y  (0 .001 t o  l , O )  f o r  the  e l e c t r o n  showers b u t  n o t  f o r  t h e  
proton o r  s e a  l e v e l  cosmic ray meson events .  
The e l e c t r o n  showers a r e  a l s o  s tud ied  from t h e  s tandpoin t  of 
pene t r a t ion  p r o b a b i l i t y .  This quan t i t y  i s  defined a s  the  p r o b a b i l i t y  
t h a t  a  p a r t i c l e  p re sen t  a t  depth ,  x ,  has  pene t ra ted  from a depth ,  x- t .  
A model i s  devised t o  express  t h e  pene t r a t ion  p r o b a b i l i t y  i n  terms of  
Geiger tube  information (covariance i n  t h e  number of tube d ischarges  and 
average number of tubes discharged per  t r a y ) .  The model i s  modified t o  
i n v e s t i g a t e  proton and s e a  l e v e l  cosmic ray  meson events .  A graph of 
p e n e t r a t i o n  p r o b a b i l i t y  a s  a  func t ion  of t r a y  sepa ra t ion  i s  presented 
f o r  t h e  e l e c t r o n  showers and pro ton  events .  
The mean range,  R ,  of e l e c t r o n  shower p a r t i c l e s  may be def ined  a s  
where T r ep resen t s  t h e  t r a c k  length  of t h e  N p a r t i c l e s  i n  t h e  shower. 
Another method of determining t h e  mean range is  developed based on t h e  
shape of  t h e  curve of pene t r a t ion  p r o b a b i l i t y  a s  a  func t ion  of t r a y  
sepa ra t ion ,  These two methods both g ive  an e l e c t r o n  shower p a r t i c l e  mean 
range of about 0.9k0.4  r.1. over  t h e  energy reg ion  s tud ied .  
Proton and s e a  l e v e l  cosmic ray meson event  mean ranges were a l s o  
ca l cu la t ed  using t h e  above two methods assuming t h e  protons and mesons 
were e l e c t r o n - l i k e  p a r t i c l e s .  The r e s u l t i n g  mean range f o r  2 GV and 4GV 
protons was about 1 . 8 f 0 . 2  r.1. The s e a  l e v e l  cosmic ray meson mean 
range was 1 . 5 t 0 . 7  r.1. although the  meson d a t a  may be contaminated wi th  
e l e c t r o n s ,  The r e s u l t s  of t hese  c a l c u l a t i o n s  a r e  l i s t e d ,  
The derived information on e l e c t r o n  showers and proton events  i s  
u s e f u l  i n  t h e  des ign  of d e t e c t o r s  and might l ead  t o  a  method of separa-  
t i n g  e l e c t r o n s  from protons and o t h e r  p a r t i c l e s  i n  a  cosmic ray beam. 
A. Covariance As a  Function of Depth 
The covariance i n  t h e  number of tube d ischarges  f o r  e l e c t r o n  
showers i s  presented.  A model i s  devised t o  r e l a t e  t h e  covariance i n  
t h e  number of p a r t i c l e s  i nc iden t  on and capable of d i scharg ing  Geiger 
tubes t o  t he  covariance i n  t h e  number of Geiger tube  d ischarges .  The 
number of p a r t i c l e s  i n  a  shower i s  then  obta ined  using t h i s  r e l a t i o n s h i p .  
The p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  tube  d ischarges  i n  each of t r a y s  5 
through 10 i s  inves t iga t ed  a s  a  func t ion  of energy. 
1. Covariance -- i n  t h e  number - of Geiger tube discharges f o r  e l e c t r o n  
- -
showers. The covariance i n  t h e  number of Geiger tube d ischarges  f o r  t h e  
va r ious  combinations of t r a y s  was computed using (V - 2 ) ,  and t h e  r e s u l t i n g  
d a t a  a r e  p l o t t e d  a s  a  func t ion  of depth i n  r a d i a t i o n  l eng ths  i n  F igure  13.  
The d a t a  i n  genera l  a r e  approximated by t h e  smooth l i n e  shown. A t  s m a l l  
t r a y  sepa ra t ions ,  t h e  covariance i s  r e l a t i v e l y  l a r g e  and decreases  a s  t h e  
s e p a r a t i o n  inc reases .  A t  l a r g e  s e p a r a t i o n s ,  t h e  covariance becomes nega- 
t i v e  and approaches a  constant  value.  A r ep re sen ta t ive  e r r o r  ba r  is  given 
on t h e  graph. The d i f f e r e n t  t r a y  sepa ra t ions  i n  t h e  hodoscope span a  
range of l , 3 8  r.1, t o  7 ,65  r.1, The d i s p e r s i o n  i n  the  covariance d a t a  
a t  a  given t r a y  sepa ra t ion  does not  appear t o  be dependent on t h e  shower 
energy and i s  most l i k e l y  due t o  s t a t i s t i c a l  u n c e r t a i n t i e s  i n  t h e  d a t a .  
2.  R e l a t i o n s h i p  between covar iance  i n  t h e  number o f  Geiger  t u b e  
-- -
d i s c h a r g e s  -- and t h e  c o v a r i a n c e  -- i n  t h e  number o f  shower p a r t i c l e s .  Two 
-
t y p i c a l  t r a y s ,  A and B ,  s i t u a t e d  below t h e  d i r e c t i o n a l  f i l t e r  t r a y s  o f  
t h e  hodoscope and s e p a r a t e d  by a l e a d  p l a t e  are r e p r e s e n t e d  i n  F i g u r e 1 4  . 
P a r t i c l e  t r a j e c t o r i e s  i n  a shower are r e p r e s e n t e d  as s t r a i g h t  l i n e s  t i p p e d  
w i t h  arrows i n d i c a t i n g  t h e  p a r t i c l e s '  d i r e c t i o n s o f  motion.  A l i n e  
through a  c i r c l e ,  r e p r e s e n t i n g  a Geiger  t u b e ,  cor responds  t o  a t u b e  d i s -  
charge.  The i n c i d e n t  p a r t i c l e s  may b e  d i v i d e d  i n t o  t h r e e  groups:  t h o s e  
c r e a t e d  b e f o r e  t r a y  A and absorbed between t r a y s  A and B, t h o s e  c r e a t e d  
between t r a y s  A and B and absorbed beyond t r a y  B ,  and t h o s e  c r e a t e d  
b e f o r e  t r a y  A and absorbed beyond t r a y  B. L e t  t h e s e  t h r e e  c l a s s i f i c a t i o n s  
b e  denoted by t h e  l e t t e r s  A,  B ,  and C r e s p e c t i v e l y .  
The number o f  p a r t i c l e s ,  N(x) ,  p r e s e n t  a t  d e p t h ,  x,  may b e  r e l a t e d  
t o  t h e  p r o b a b i l i t y ,  P(x-t  , t )  , t h a t  a p a r t i c l e  c r e a t e d  a t  d e p t h ,  x- t  , w i l l  
b e  p r e s e n t  a t  d e p t h ,  x ,  
The number of p a r t i c l e s  c r e a t e d  i n  t h e  i n t e r v a l ,  x - t ,  i s  g i v e n  by n ( x - t ) .  
The shower e l e c t r o n s  undergo r a d i a t i o n  energy l o s s e s .  T h i s  l o s s  mechan- 
i s m  is  dependent upon t h e  e l e c t r o n i c  charge of t h e  containment medium 
and t h e  energy o f  t h e  e l e c t r o n .  T h e r e f o r e ,  assume t h a t  t h e  s u r v i v a l  
p r o b a b i l i t y ,  P ( x - t , t ) ,  i s  independent  of l o n g i t u d i n a l  p o s i t i o n  i n  t h e  
The average number of p e n e t r a t i n g  p a r t i c l e s ,  N (x ) ,  o r i g i n a t i n g  be fo re  C C 
t r a y  A and absorbed beyond t r a y  B would then  b e  expressed i n  terms o f  t h e  
s u r v i v a l  p r o b a b i l i t y ,  PB( t )  , 
where n(x- t )  r e p r e s e n t s  t h e  number of p a r t i c l e s  produced between t r a y s  A 
and B and capable  of reaching t r a y  B .  The average number of  p a r t i c l e s  
pass ing  through t r a y  E i s  represen ted  by <N >. B 
One wishes t o  f i n d  t h e  covariance between p a r t i c l e s  passing 
through t r a y  A and through t r a y  B.  The c l a s s  of p e n e t r a t i n g  p a r t i c l e s ,  
C ,  i s  a s u b s e t  of t h e  c l a s s  of p a r t i c l e s  pass ing  through t r a y  A and t h e  
c l a s s  of p a r t i c l e s  pass ing  through t r a y  B.  Le t  t h e  r e s p e c t i v e  p robab i l i -  
ties o f  a given p a r t i c l e  f a l l i n g  i n t o  t he se  c a t e g o r i e s  be  PA, PB 9 PC$  
and l e t  t h e  p r o b a b i l i t y  of t h e  i nc iden t  p a r t i c l e  s a t i s f y i n g  none of t h e s e  
c l a s s i f i c a t i o n s  be  p Assuming N independent t r ials ,  t h e  j o i n t  prob- D ' 
a b i l i t y  of having N p a r t i c l e s  passing through t r a y  A and N p a r t i c l e s  A B 
pass ing  through t r a y  B i s  given by t h e  multinomial d i s t r i b u t i o n  func t ion ,  
M 9 
Using this d i s t r i b u t i o n  Iur tc~i -orr ,  the covariance,  C ( N  N ) , in t h e  A' I3 
nunber of p a r t i c l e s ,  N and N p r e s e n t  a t  t r a y s  A and B i s  ~ i v r i 7  A B 
By making u s e  o f  t h e  g e n e r a t i n g  f u n c t i o n ,  G ,  f o r  t h e  mul t inomia l  d i s t r i -  
b u t i o n ,  
one o b t a i n s  
The f i r s t  term i n  ( V  - 11)  c o n s i d e r s  p a r t i c l e s  p a s s i n g  th rough  t r a y  
A and n o t  t r a y  B o r  p a s s i n g  through t r a y  B and n o t  t r a y  A. The second 
te rm i n  (V - 11)  , < N C > ,  r e p r e s e n t s  t h e  covar iance  c o n t r i b u t i o n  due t o  
p e n e t r a t i n g  p a r t i c l e s  p a s s i n g  through b o t h  t r a y  A and t r a y  B.  The quan- 
t i t y ,  N ,  r e p r e s e n t s  t h e  t o t a l  number of p a r t i c l e s  i n  t h e  shower c a p a b l e  
o f  d i s c h a r g i n g  Geiger  t u b e s .  
The c o v a r i a n c e ,  C(nA,%), i n  t u b e  d i s c h a r g e s  i n  t r a y s  A and B may 
b e  w r i t t e n  u s i n g  t h e  d e f i n i t i o n  (V - 2 ) ,  
where P(N ,N ) i s  the j o i n t  p r o b a b i l i t y  o f  having N p a r t i c l e s  a t  d e p t h ,  A E A 
xA9 and lu' par t ic les  a t  depth,  x and is given by the m u l t i n o m i a l  B B ' 
d i s t r i b u t i o n  i n  (V - 8) .  The conversion f a c t o r s ,  p(nA,NA) and p(ng,NB), 
from number of tubes discharged t o  number of p a r t i c l e s  present  f o r  t r a y s  
A and B may be obtained using (IV - 15) assuming t h e  s a t u r a t i o n  e f f e c t  
cons tan t  a < < l .  For example, 
Combining (V - 11) and (V - 12) g ives  
The s a t u r a t i o n  e f f e c t  term, a[ c(NA2,NB) + C(N ,N 2, 1, may be  expressed A B 
i n  terms of t h e  p a r t i c l e  covariance,  C(N , N  ) ,  us ing  (V - 10) and an A B 
operator equat ion.  Remembering t h a t  t h e  c l a s s  of pene t r a t ing  p a r t i c l e s ,  
C ,  i s  a  subse t  of t h e  c l a s s  of p a r t i c l e s  pass ing  through t r a y  A and t h e  
c l a s s  of p a r t i c l e s  pass ing  through t r a y  B ,  one has  
S m i n g  t h e  r e s u l t s  of (V - 15) and combining them wi th  (V - 14)  g ives  
Assuming t h e  s a t u r a t i o n  c o n s t a n t  a < < l ,  (V - 16)  may b e  r e a r r a n g e d  t o  
g i v e  
The t e rm,  2a( <n > + <n >) ,  accounts  f o r  t h e  s a t u r a t i o n  e f f e c t  on t h e  A B 
p a r t i c l e  covar iance .  
The c o v a r i a n c e  i n  number o f  p a r t i c l e s  g iven  by (V - 16)  may be  
used i n  c o n j u n c t i o n  w i t h  (V - 11)  t o  o b t a i n  t h e  average number o f  shower 
p a r t i c l e s  based on Geiger  tube  i n f o r m a t i o n .  For l a r g e  t r a y  s e p a r a t i o n s ,  
t h e  e f f e c t  of p e n e t r a t i n g  p a r t i c l e s  on t h e  p a r t i c l e  covar iance  i s  n e g l i g -  
i b l e .  Then (V - 11)  would reduce t o  
I n  o r d e r  t o  d e t e r m i n e  how l a r g e  t h e  s e p a r a t i o n  must b e  t o  e n s u r e  t h e  
accuracy o f  (V - 1 8 ) ,  t h e  covar iance  i n  t h e  number o f  p a r t i c l e s ,  c o r r e c t e d  
f o r  s a t u r a t i o n ,  g iven  i n  (V - 17)  w a s  p l o t t e d  a s  a  f u n c t i o n  o f  t r a y  
s e p a r a t i o n  f o r  each shower energy.  The range  where t h e  covar iance  i s  a 
more o r  less c o n s t a n t  n e g a t i v e  v a l u e  may t h e n  b e  determined.  It i s  t h i s  
r e g i o n  where (V - 18) is v a l i d .  The cor responding  covar iances  may b e  
used wi th  (V - 18) to obtain the average number of shower particles based 
on Geiger  t u b e  informaLion. The r e s u l t i n g  numbers are  g iven  i n  Tab le  V I I I  
and range  from 36.5k6.5 a t  1200 MeV t o  4.0+0.7 a t  105  MeV.  
F i g u r e  15 d i s p l a y s  t h e  t o t a l  number o f  shower p a r t i c l e s  a s  a 
f u n c t i o n  of shower energy.  The number o f  shower p a r t i c l e s  r i s e s  s lowly  
a s  t h e  shower energy i n c r e a s e s  i n  t h e  r e g i o n  o f  105MeV t o  300 MeV and 
t h e n  i n c r e a s e s  l i n e a r l y  w i t h  t h e  shower energy.  The t o t a l  number o f  
shower p a r t i c l e s ,  N ,  i n  t h e  energy range  105MeV<E<1200 MeV may b e  r e l a t e d  
t o  t h e  i n c i d e n t  e l e c t r o n  energy ,  E, by 
The d i s t r i b u t i o n  of Geiger  t u b e  d i s c h a r g e s  i n  each of t r a y s  5 
th rough  1 0  was i n v e s t i g a t e d  f o r  t h e  e l e c t r o n  showers and t h e  r e s u l t i n g  
exper imenta l .probabi1i t ies  a r e  g i v e n  i n  Tab le  I X  f o r  t h e  e n e r g i e s  s t u d i e d .  
Binomial  p r o b a b i l i t y  d i s t r i b u t i o n s  were  c a l c u l a t e d  assuming t h e  p r o b a b i l i t y  
o f  a t u b e  d i s c h a r g e  was g i v e n  by t h e  r a t i o  o f  t h e  average  number o f  t u b e  
d i s c h a r g e s  i n  a t r a y  ( s e e  Tab le  V) t o  t h e  average  t o t a l  number of p a r t i c l e s  
i n  t h e  shower ( s e e  T a b l e  V I I I ) .  Th i s  method n e g l e c t s  t h e  second o r d e r  
s a t u r a t i o n  e f f e c t .  A P o i s s o n  p r o b a b i l i t y  d i s t r i b u t i o n  was a l s o  c a l c u l a t e d  
f o r  each exper imenta l  d i s t r i b u t i o n  u s i n g  t h e  average  number o f  t u b e s  d i s -  
charged a s  t h e  d i s t r i b u t i o n  mean. The two t h e o r e t i c a l  d i s t r i b u t i o n s  
approximated t h e  exper imenta l  d i s t r i b u t i o n  p o i n t s  over  a w i d e  range of  
p r o b a b i l i t y  (0 .001 t o  1 .0 )  f o r  t r a y s  6 through 1 0  i n  t h e  energy range  
from 105 MeV t o  1200 MeV. The t h e o r e t i c a l  p r o b a b i l i t y  d i s t r i b u t i o n  
curves did  not  f i t  the experimental data f o r  t r z y  5 ,  The experimental 
p r o b a b i l i t y  d i s t r i b u t i o n s  exh ib i t ed  a  much lower p r o b a b i l i t y  of having 
zero tube d ischarges  and a  much h igher  p r o b a b i l i t y  of having one tube  
d ischarge  compared t o  t h e  t h e o r e t i c a l  curves.  This e f f e c t  became more 
pronounced t h e  h ighe r  t h e  shower energy. An i n c i d e n t  high energy e l e c t r o n  
2 has passed through about 5.7 gm/cm of l e a d  i n  g e t t i n g  t o  t r a y  5 ,  and i ts  
chances of be ing  absorbed beyond t r a y  5 a r e  good. Therefore ,  t h e  proba- 
b i l i t y  of i t s  n o t  d i scharg ing  a  Geiger tube i n  t r a y  5 would be  smal l  and 
i t s  p r o b a b i l i t y  of d i scharg ing  j u s t  one tube  would b e  l a r g e .  
A r e p r e s e n t a t i v e  s e t  of p r o b a b i l i t y  d i s t r i b u t i o n s  is given i n  
Figure 16 f o r  t r a y  7.  The s o l i d  p o i n t s  correspond t o  a 600 MeV e l e c t r o n  
shower a t  shower maximum. The s o l i d  l i n e  curve corresponds t o  a  binomial 
d i s t r i b u t i o n  w i t h  a  p r o b a b i l i t y  of having a  tube  d ischarge  of 0.131 and 
a  va lue  of 16  f o r  t h e  t o t a l  number of shower p a r t i c l e s .  The dashed l i n e  
corresponds t o  a  Poisson d i s t r i b u t i o n  wi th  a  mean of 2.09 tubes discharged.  
The t h e o r e t i c a l  curves f i t  t h e  experimental po in t s  equal ly  w e l l  over  a  
wide range. 
The d i s t r i b u t i o n  of Geiger tube  d ischarges  i n  each of  t r a y s  5 
through 10 was a l s o  inves t iga t ed  f o r  2 GV and 4 GV d i r t y  pro ton  events  
and f o r  s e a  l e v e l  cosmic ray meson events .  The l a t t e r  events  w e r e  
s a t i s f i e d  by t h e  same tube  d ischarge  c r i t e r i a  a s  t h e  d i r t y  pro ton  even t s .  
The r e s u l t i n g  experimental  p r o b a b i l i t y  d i s t r i b u t i o n s  of tube  d ischarges  
f o r  e l e c t r o n  showers a t  shower maximum were not  d i s t i n g u i s h a b l e  from t h e  
corresponding proton o r  s e a  l e v e l  cosmic ray  meson event  tube d ischarge  
d i s t r i b u t i o n s  a t  the  same depth,  
B . P e n e t r a t i o n  Probability 
A model r e l a t i n g  t h e  p e n e t r a t i o n  p r o b a b i l i t y  t o  t h e  c o v a r i a n c e  i n  
t h e  number o f  Ge iger  t u b e  d i s c h a r g e s  and t h e  cor responding  average  number 
o f  t u b e  d i s c h a r g e s  is  p r e s e n t e d  f o r  e l e c t r o n  showers.  The model i s  a l s o  
a p p l i e d  t o  p r o t o n s  and s e a  l e v e l  cosmic r a y  meson e v e n t s  t r e a t e d  as 
e l e c t r o n  showers.  
1. E l e c t r o n  showers.  P o i n t s ,  x ,  on a n  e l e c t r o n  shower curve  may 
b e  roughly approximated by a  s t r a i g h t  l i n e  o f  p o s i t i v e  s l o p e  b e f o r e  
shower maximum and n e g a t i v e  s l o p e  a f t e r  shower maximum, 
Here,  K ,  i s  t h e  l o g a r i t h m i c  s l o p e  o f  t h e  shower c u r v e  d i v i d e d  by t h e  
number o f  p a r t i c l e s ,  ng, c r e a t e d  i n  an  i n t e r v a l  d t  between t r a y s  A and B. 
The p l u s  and minus s i g n s  i n  f r o n t  o f  K a r e  used ,  r e s p e c t i v e l y ,  a f t e r  and 
b e f o r e  shower maximum, The paramete r ,  K ,  may b e  w r i t t e n  a s  
Combining (V - 7 ,  20,  21) r e s u l t s  i n  
where Ax is  t h e  s e p a r a t i o n  between t r a y s  A and B .  S i m i l a r l y ,  t h e  aver-  
age number o f  p a r t i c l e s  pa s s ing  through t r a y  B i s  
The r a t i o  of <N > t o  <NB> may then  be  obta ined ,  C 
Two d i f f e r e n t  r e l a t i o n s  were used f o r  t h e  s u r v i v a l  p r o b a b i l i t y ,  
P ( t ) ,  t o  i n v e s t i g a t e  i t s  dependence on t h e  shower curve logar i thmic  
s lope ,  
P l ( t )  = (V - 25) 
0 elsewhere 
and 
The q u a n t i t y ,  R, de f ines  t h e  mean range of t h e  p a r t i c l e s  involved. The 
r a t i o ,  <N > / < N ~ %  was ca l cu la t ed  f o r  s e v e r a l  d i f f e r e n t  va lues  of f3 defined C 
by (V - 21) using (V - 2 4 ,  25, 2 6 )  and found t o  b e  r e l a t i v e l y  independent 
of t h e  shower curve exponent ia l  s lope .  The q u a n t i t y ,  < N C > / < ~ B > ,  w i l l  
then b e  i n t e r p r e t e d  a s  t h e  p r o b a b i l i t y  t h a t  a  p a r t i c l e  present  a t  t r a y  B 
has  pene t ra ted  from t r a y  A and w i l l  be  r e f e r r e d  t o  as a  
, Combining (V - 11) and (V - 1 6 ) ,  so lv ing  f o r  t h e  average 
number of pene t r a t ing  p a r t i c l e s ,  <NC>,  and d iv id ing  by <N > r e s u l t s  i n  B 
o r  i n  terms of  Geiger tube  d i scharges  
A graph of  p e n e t r a t i o n  p r o b a b i l i t y  def ined  by ( V  - 28) i s  p l o t t e d  
a s  a  f u n c t i o n  of t r a y  s e p a r a t i o n ,  X.-XA,  i n  Figure 17 f o r  t h e  e l e c t r o n  
shower ene rg i e s  i n v e s t i g a t e d .  The d a t a  i s  approximated by a  smooth 
curve. As t h e  t r a y  s e p a r a t i o n ,  AX = % - XA, goes t o  zero ,  t h e  numera- 
t o r  of t h e  f r a c t i o n  i n  (V - 24) goes t o  ze ro ,  and t h e  p r o b a b i l i t y  t h a t  a  
p a r t i c l e  p re sen t  a t  t r a y  B ha s  pene t r a t ed  from t r a y  A goes t o  one. Hence, 
t h e  ze ro  depth p e n e t r a t i o n  p r o b a b i l i t y  i s  p l o t t e d  a t  1 .0 .  The penetra-  
t i o n  p r o b a b i l i t y  i s  a  sha rp ly  decreas ing  func t ion  o f  t r a y  s e p a r a t i o n  f o r  
depths  l e s s  than  1 r.1. and approaches zero more gradua l ly  a t  l a r g e r  
depths .  
Various t r a y  combinations (see Figure 1 )  a r e  i n d i c a t e d  i n  Figure 
17 next  t o  t h e  r e s p e c t i v e  ca l cu l a t ed  pene t r a t i on  p r o b a b i l i t i e s .  The mean 
depths  of t r a y  combinations 5-6, 7-8, and 8-9 a r e  about 2 r .l, , 5 r .  1. , 
and 6 r . l . ,  r e spec t ive ly .  However, t h e s e  t h r e e  combinations each have 
a  t r a y  s e p a r a t i o n  of about 1 .4  r.1. Examination of t h e  r e l a t i v e  pene t ra -  
t i o n  p r o b a b i l i t i e s  shows t h e  observed d i spe r s ion  i n  p r o b a b i l i t i e s  i s  not  
dependent on depth i n  t h e  shower. Also no t e  t h a t  t h e  d i s p e r s i o n  i n  
penetration probabilites at a given tray separation is not dependent on 
t h e  shower energy.  
The d i s p e r s i o n  i n  t h e  p o i n t s  a t  1 .4  r.1. and 2.0 r.1. i s  reduced 
s l i g h t l y  by p l o t t i n g  t h e  p e n e t r a t i o n  p r o b a b i l i t y  as a  f u n c t i o n  of t r a y  
s e p a r a t i o n  i n  u n i t s  o f  gm/cm2 a s  shown i n  F i g u r e  1 8 .  Such a p l o t  con- 
s i d e r s  i o n i z a t i o n  energy l o s s e s  a s  opposed t o  r a d i a t i o n  energy l o s s e s  
( u n i t s  o f  r a d i a t i o n  l e n g t h s ) .  There  a r e  no s c i n t i l l a t i o n  p l a s t i c  s l a b s  
between t r a y s  5 and 6 o r  7  and 8  o r  9 and 1 0  a s  opposed t o  t h e  o t h e r  t r a y  
combinat ions .  The p e n e t r a t i o n  p r o b a b i l i t y  d a t a  corresponding t o  t r a y  
combinat ions  5-6 and 7-8 p l o t t e d  a t  1 . 4  r.1. a r e  p l o t t e d  a t  a  s m a l l e r  
dep th  i n  a g raph  of p e n e t r a t i o n  p r o b a b i l i t y  a s  a f u n c t i o n  of t r a y  sep-  
2  
a r a t i o n  i n  u n i t s  o f  gm/cm . The p e n e t r a t i o n  p r o b a b i l i t i e s  a s s o c i a t e d  w i t h  
t r a y  combinat ions  5-6 and 7-8 a r e  g e n e r a l l y  l a r g e r  t h a n  t h e  o t h e r  t r a y  
combinat ions  hav ing  t h e  same s e p a r a t i o n  i n  u n i t s  o f  r a d i a t i o n  l e n g t h s  
independent  of shower energy.  
The d i s p e r s i o n  i n  t h e  p e n e t r a t i o n  p r o b a b i l i t y  a t  a  g iven  t r a y  
s e p a r a t i o n  i n  u n i t s  o f  r a d i a t i o n  l e n g t h s  i s  due mainly  t o  s t a t i s t i c a l  
u n c e r t a i n t i e s  i n  t h e  covar iance  i n  Geiger  t u b e  d i s c h a r g e s .  
The p e n e t r a t i o n  p r o b a b i l i t y  i s  s m a l l  beyond about  1 r.1. i n d i c a t -  
i n g  t h e  p r o b a b i l i t y  o f  an  e l e c t r o n  i n t e r a c t i n g  o v e r  a  range  o f  about  
1 r.1. i s  l a r g e .  
2.  P r o t o n  and s e a  l e v e l  cosmic ray  meson e v e n t s .  The formal ism 
--- 
l e a d i n g  t o  (V  - 27) may b e  modif ied t o  app ly  t o  p r o t o n  and sea l e v e l  cosmic 
r a y  meson e v e n t s .  The s e l e c t i o n  c r i t e r i a  f o r  t h e s e  e v e n t s  were t h e  same 
as those defirrirtg dir@y g r o t a n  events in Chapte r  111, Tix i s  s e l e c t i o n  
a l lows  one t o  a n a l y z e  events conta jn ing  i n t e r a c t i o n s  d e f i n e d  by m u l t i p l e  
t u b e  d i s c h a r g e s  i n  a t r a y .  Tab le  XI1 g i v e s  t h e  average  number and 
s t a n d a r d  d e v i a t i o n  o f  t u b e  d i s c h a r g e s  f o r  t r a y s  5  through 10 f o r  t h e s e  
e v e n t s  . 
A computer program was used t o  c a l c u l a t e  t h e  covar iance  i n  t u b e  
d i s c h a r g e s  f o r  t h e  f i f t e e n  t r a y  combinat ions  and t h e  corresponding average  
number of t u b e  d i s c h a r g e s  p e r  t r a y .  There  were  3567 observed p r o t o n  e v e n t s  
a t  2GV and 4765 a t  4GVof which,  r e s p e c t i v e l y ,  501 and 970 s a t i s f i e d  t h e  
s e l e c t i o n  c r i t e r i a  mentioned above. T h i s  d i v i s i o n  o f  t h e  d a t a  r e s u l t e d  
i n  approx imate ly  fl5% e r r o r  i n  t h e  covar iances .  
The Geiger  t u b e  d i s c h a r g e  d a t a  f o r  t h e  d i r t y  p r o t o n  e v e n t s  showed 
t h a t  on t h e  average  about  1 . 5  t u b e s  were d i s c h a r g e d  p e r  t r a y  w h i l e  t h e  
lateral  s p r e a d  o f  t h e  p r o t o n  e v e n t s  i n  a g i v e n  t r a y  was around 5  t u b e s .  
Hence, t h e  number o f  t u b e  d i s c h a r g e s  was approximent ly  e q u a l  t o  t h e  
number o f  p a r t i c l e s  i n c i d e n t  on t h e  t r a y s  and capab le  o f  d i s c h a r g i n g  
Geiger  t u b e s ,  The covar iance  o f  t h e  number o f  t u b e s  d i scharged  was t h e n  
assumed t o  b e  e q u a l  t o  t h e  covar iance  o f  t h e  number o f  d i r t y  p r o t o n  e v e n t  
p a r t i c l e s .  The c o v a r i a n c e  o f  t h e  number o f  d i r t y  p r o t o n  e v e n t  Geiger  
t u b e  d i s c h a r g e s  was p l o t t e d  a s  a  f u n c t i o n  of t r a y  s e p a r a t i o n .  T h i s  
curve  w a s  s i m i l a r  t o  t h e  covar iance  curves  f o r  e l e c t r o n  shower p a r t i c l e s .  
The average  number o f  p a r t i c l e s  a s s o c i a t e d  w i t h  t h e  d i r t y  p r o t o n  
e v e n t s  was t h e n  determined u s i n g  t h e  method d e s c r i b e d  f o r  e l e c t r o n s .  The 
number was 9 .0+1.0  p a r t i c l e s  and was employed t o  o b t a i n  t h e  p e n e t r a t i o n  
p r o b a b i l i t i e s ,  <N >/<NB>, f o r  t h e  d i f f e r e n t  t r a y  combinations C 
A graph o f  t h e  p r o t o n  p e n e t r a t i o n  p r o b a b i l i t y  d e f i n e d  by (V - 29) 
i s  a l s o  g iven  i n  F i g u r e  1 7 .  The p r o t o n  curve i s  somewhat h i g h e r  t h a n  
t h a t  o f  t h e  e l e c t r o n  p e n e t r a t i o n  p r o b a b i l i t y  and does  n o t  d e c r e a s e  as 
r a p i d l y  a t  smaller d e p t h s .  The p r o t o n  p e n e t r a t i o n  p r o b a b i l i t y  approaches 
z e r o  a t  l a r g e  d e p t h s .  
A similar c a l c u l a t i o n  was c a r r i e d  o u t  f o r  s e a  l e v e l  cosmic r a y  
meson e v e n t s .  The Geiger  t u b e  d i s c h a r g e  i n f o r m a t i o n  showed t h a t  t h e  
la tera l  spread  of t h e  e v e n t s  i n  a g i v e n  t r a y  was about  4 t u b e s  w h i l e  t h e r e  
was approximately  L5 tube  d i scharges  p e r  t r a y .  Hence, t h e  average  number 
o f  t u b e  d i s c h a r g e s  p e r  t r a y  was assumed e q u a l  t o  t h e  average  number o f  
p a r t i c l e s  i n c i d e n t  and c a p a b l e  o f  d i s c h a r g i n g  a Geiger  tube .  The r e s u l t -  
i n g  v a l u e s  of t h e  p e n e t r a t i o n  p r o b a b i l i t y ,  d e f i n e d  by (V - 29) and p l o t t e d  
as a  f u n c t i o n  o f  d e p t h ,  however, d i d  n o t  f a l l  a l o n g  a smooth curve  a s  
d i d  t h e  e l e c t r o n  and p r o t o n  d a t a .  Th i s  e f f e c t  may b e  p a r t i a l l y  due t o  
s t a t i s t i c a l  u n c e r t a i n t i e s  s i n c e  t h e r e  were o n l y  97 e v e n t s  s a t i s f y i n g  t h e  
s e l e c t i o n  c r i t e r i a ,  mentioned e a r l i e r ,  o u t  of 2243 observed e v e n t s .  
3.  Mean range  - of  e l e c t r o n s ,  p r o t o n s ,  and s e a  l e v e l  cosmic ray 
--- 
mesons. The mean r a n g e  was c a l c u l a t e d  f o r  t h e  e l e c t r o n  showers s t u d i e d  
u s i n g  (V - &) .  The r e s u l t s  a r e  l i s t e d  i n  Tab le  XI11 and ranged from 
1.04k0.27 r.1. a t  1200 MeV t o  1.2820.26 r.1. a t  105 MeV. I f  t h e  d i r t y  
p r o t o n  e v e n t s  mentioned i n  t h e  p r e v i o u s  s e c t i o n  a r e  t r e a t e d  a s  e l e c t r o n -  
like slzowers, t l l c r r  a irzearz range can be calculated for then using (V - [ I ) ,  
Shower curves  were p l o t t e d  f o r  t h e  d i r t y  proion e v e n t s  and t h e  
were o b t a i n e d  u s i n g  t h e  method d e s c r i b e d  i n  Chapter  I V .  I n  g e n e r a l ,  
t h e  p r o t o n  c u r v e s  were wider  t h a n  t h e  1200 MeV e l e c t r o n  curve  and t h e  
shower maxima o c c u r r e d  a t  more p e n e t r a t i n g  dep ths .  Combining t h e s e  
t r a c k  l e n g t h  d a t a  w i t h  t h a t  o f  T a b l e  V I I I  and (V - 4) r e s u l t s  i n  t h e  
p r o t o n  mean r a n g e s  l i s t e d  i n  T a b l e  X I I I .  These ranges  were about  1 . 5 t 0 . 2  
r.1. f o r  t h e  2  GV and f o r  t h e  4 GV d i r t y  p r o t o n  e v e n t s .  
A s i m i l a r  shower curve  w a s  p l o t t e d  f o r  s e a  l e v e l  cosmic r a y  mesons 
assumed t o  b e  e l e c t r o n - l i k e  e v e n t s .  The cor responding  mean range  i s  g iven  
i n  T a b l e  X I 1 1  f o r  a maximum dep th  o f  9 . 3  r.1. The meson shower curve  was 
f l a t  w i t h  a magnitude o f  1 .35  t u b e  d i s c h a r g e s l t r a y .  The mean r a n g e  was 
1.520.7 r.1. The c l o s e n e s s  o f  t h e  meson range  t o  t h a t  o f  e l e c t r o n s  may 
b e  due  t o  e l e c t r o n  con tamina t ion  o f  t h e  d a t a .  The meson d a t a  was c o l l e c t e d  
on t h e  t h i r d  f l o o r  of a f o u r  s t o r y  b u i l d i n g  w i t h  c o n c r e t e  c e i l i n g s .  It 
is  p o s s i b l e  t h a t  meson decays  o c c u r r e d  producing e l e c t r o n s  T -t p -t e .  
The mean range  o f  t h e  shower e l e c t r o n s  may a l s o  b e  o b t a i n e d  by 
comparing t h e  exper imenta l  p e n e t r a t i o n  p r o b a b i l i t y  c u r v e s  d e f i n e d  by 
(V -28) w i t h  t h o s e  g iven  by (V - 24) based on a  model o f  e l e c t r o n  shower 
c u r v e  s l o p e .  T h e o r e t i c a l  c u r v e s ,  u s i n g  (V - 24) ,  were c a l c u l a t e d  f o r  
v a r i o u s  v a l u e s  o f  B ,  d e f i n e d  by (V - 2 1 ) ,  and mean r a n g e ,  R.  The e l e c t r o n  
c u r v e  o f  p e n e t r a t i o n  p r o b a b i l i t y ,  (V - 28),  a s  a  f u n c t i o n  of t r a y  sep- 
a r a t i o n  i n  u n i t s  o f  r a d i a t i o n  l e n g t h s  was compared t o  t h e s e  t h e o r e t i c a l  
curves  t o  o b t a i n  t h e  mean range.  The r e s u l t i n g  e l e c t r o n  mean range  f o r  
t h e  energy i n t e r v a l  s t u d i e d  was 0 .9 t0 .4  r.1. which i s  c o n s i s t e n t  w i t h  
t h e  values l i s t e d  in Table XI11 f o r  e l e c t r o n  mean range based on  shower 
t r a c k  l eng th  and ( V  - 4 ) ,  
A similar method was followed f o r  t h e  d i r t y  proton events  t r e a t e d -  
l ike-electron-showers.  The proton mean range was about 1.7k0.2 r.1. 
a t  2  GV and 1.850.2 r.1. a t  4 GV which i s  c o n s i s t e n t  wi th  t h e  previous 
c a l c u l a t i o n  us ing  p a r t i c l e  t r a c k  l eng th  and (V - 4 ) .  
It would appear t h a t  t h e  d i r t y  pro ton  events  t r e a t e d  - l ike-e lec t ron-  
showers con ta in  p a r t i c l e s  t h a t  a r e  more e f f e c t i v e  i n  d ischarg ing  Geiger 
tubes than  t h e  p a r t i c l e s  of e l e c t r o n  showers. There a r e  l e s s  p a r t i c l e s  
involved i n  t h e  d i r t y  proton events  than i n  t h e  e l e c t r o n  showers al though 
t h e  d i r t y  pro ton  events  a t  2 GV and 4 GV produce t r a c k  lengths  compar- 
a b l e  t o  a  300 MeV e l e c t r o n  shower. 
CHAPTER VT. 
CONCLUSIONS 
Three  major  p o i n t s  have been  covered i n  t h i s  s t u d y :  t h e  response  
of Geiger  t u b e s  t o  e l e c t r o n  showers ,  f l u c t u a t i o n s  i n  e l e c t r o n  showers ,  
and c o r r e l a t i o n s  i n  e l e c t r o n  showers ,  
The s a t u r a t i o n  e f f e c t  of Geiger  t u b e s  f o r  h i g h  energy e l e c t r o n s  
was i n v e s t i g a t e d .  A r e l a t i o n s h i p  between t h e  average  number of p a r t i c l e s ,  
<NA>, i n c i d e n t  and capab le  o f  d i s c h a r g i n g  Geiger  t u b e s  i n  t r a y  A (one of 
t r a y s  5 through 10)  and t h e  average  number o f  t u b e s  d i s c h a r g e d  i n  t r a y  A ,  
<n  > was d e r i v e d ,  A <NA> 
(VI - 1 )  
The s a t u r a t i o n  e f f e c t  c o n s t a n t , a  , was determined by comparing t h e  
average  t o t a l  number o f  t u b e  d i s c h a r g e s  i n  t r a y s  5 through 1 0  and t h e  
average  c a l o r i m e t e r  p u l s e  h e i g h t ,  
(VI - 2 )  
The c o n s t a n t  a<< l ,  s o  t h e  p r o b a b i l i t y  o f  having more t h a n  one shower 
p a r t i c l e  i n c i d e n t  on a  g i v e n  t u b e  i n  one of t r a y s  5 through 10 i s  s m a l l .  
To a f i r s t  o r d e r  approximat ion,  t h e  average number o f  p a r t i c l e s  i n c i d e n t  
on and capab le  of d i s c h a r g i n g  Geiger  t u b e s  o f  a  g i v e n  t r a y  i s  e q u a l  t o  
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the  number of t u b e  d i scharges  in t h a t  t r a y .  
The e l e c t r o n  shower curves computed using { V i - I )  and ( V I - 2 )  
were decidedly d i f f e r e n t  from those  found i n  t h e  l i t e r a t u r e  f o r  o t h e r  
types of de t ec to r s .  This  e f f e c t  might be  t h e  r e s u l t  of t h e  Geiger tubes 
measuring a  d i f f e r e n t  component of e l e c t r o n  showers than  these  o t h e r  
d e t e c t o r s .  
The s c i n t i l l a t i o n  counter  and Geiger tube d a t a  were used t o  
c a l c u l a t e  e l e c t r o n  shower t r a c k  lengths .  A comprehensive comparison of 
t h e  t r a c k  l eng th  c a l c u l a t i o n s  and those  from var ious  o t h e r  experimental  
and t h e o r e t i c a l  (Monte Carlo ca l cu la t ions )  methods was c a r r i e d  ou t .  The 
observed t r a c k  lengths  based on s c i n t i l l a t i o n  counter  pu lse  he igh t s  were 
i n  agreement wi th  r e l a t e d  measurements i n  t h e  l i t e r a t u r e .  However, t h e  
observed t r a c k  lengths  based on Geiger tube information were pe rcep t ib ly  
d i f f e r e n t  from o the r  experimental ly  determined t r a c k  l eng ths .  
The r e s u l t i n g  t r a c k  length  cons t an t s ,  E and E based on S G '  
s c i n t i l l a t i o n  counter  pu l se  he igh t s  and based on Geiger tube information 
f o r  e l e c t r o n  showers ex t r apo la t ed  t o  i n f i n i t e  depths were, r e s p e c t i v e l y ,  
and 
( V I  - 4 )  
I n  gene ra l ,  t h e  t r a c k  l eng th  cons tan t  i nc reases  a s  t h e  shower energy 
iacreases f o r  bo th  the  Geiger tube and s c i n t i l l a t i o n  counter  d a t a  implying 
the  rate of energy d i s s i p a t i o n  i s  not  independent of shower energy. 
This  dependence has  been noted i n  r e l a t e d  d a t a  i n  t he  l i t e r a t u r e  obtained 
wi th  o the r  types of d e t e c t o r s .  
Experimental and t h e o r e t i c a l  va lues  of t r a c k  l eng th ,  t r a c k  l eng th  
cons t an t ,  and shower curve s lope  p a s t  shower maximum a r e  compiled i n  
Table V I I .  
Track l eng th  f l u c t u a t i o n s  based on s c i n t i l l a t i o n  counter pu l se  
he igh t s  and Geiger tube information were i n v e s t i g a t e d .  A model was 
devised t o  r e l a t e  t h e  shower t r a c k  l eng th  percent  f l u c t u a t i o n ,  oT/T, due 
t o  t h e  observed percent  f l u c t u a t i o n  and t h e  i n t r i n s i c  photoe lec t ron  counter  
percent  f l u c t u a t i o n ,  
(VI - 5) 
The percent  f l u c t u a t i o n s ,  oT/T,  i n  t h e  t r a c k  l eng th  based on s c i n t i l l a -  
t i o n  counter  pu l se  h e i g h t s  was expressed a s  a  power law of t h e  i n c i d e n t  
e l e c t r o n  energy, Eo ' i n  t he  energy i n t e r v a l  150MeV<Eo<1200MeV, 
(VI - 6) 
a s  shown i n  Figure 8. Below 150 MeV, t h e  percent  f l u c t u a t i o n s  dropped 
o f f  sharp ly .  
The percent  f l u c t u a t i o n s  i n  t h e  t r a c k  l eng th  was a l s o  s tud ied  
us ing  Geiger tube information,  
0 n 
- - 
t o t  
T - 100 <n > t o t  
A p l o t  of t h e  t r a c k  l eng th  percent  f l u c t u a t i o n s  given by (VI - 7) a s  a  
func t ion  of i nc iden t  e l e c t r o n  energy, Eo, i s  shown i n  Figure 8. These 
percent  f l u c t u a t i o n s  gradual ly  increased  more r ap id ly  a s  t h e  energy 
decreased.  A model was devised t o  exp la in  t h i s  behavior  i n  terms of 
percent  f l u c t u a t i o n  due t o  sampling u n c e r t a i n t i e s ,  aT/T I S, 
(VI - 8) 
and percent  f l u c t u a t i o n s  i n  t h e  t o t a l  number of shower p a r t i c l e s  capable 
of d i scharg ing  Geiger tubes ,  o ~ / T ,  
(VI - 9) 
where i t  was assumed - Var N t o t  - Q<Ntot>  wi th  O i Q < l .  - The percent  
f l u c t u a t i o n s  i n  t h e  t r a c k  l eng th  based on Geiger tube d a t a  given by 
(VI - 7)  was f i t t e d  using a  combination of (VI - 8) and (VI - 9) w i th  
Q = 0.6 implying t h e  percent  f l u c t u a t i o n s  i n  t h e  t o t a l  number of pa r t -  
i c l e s  was 74% Poisson. 
A t  lower energ ies  (105MeV<Eo<150MeV), t h e  percent  f l u c t u a t i o n s  
i n  t r a c k  length  based on s c i n t i l l a t i o n  counter  pu l se  he igh t s  and based 
on Geiger tube d a t a  shown i n  Figure 8 have v a s t l y  d i f f e r e n t  dependences 
on i n c i d e n t  e l e c t r o n  energy .  However, t h e  curves  approx imat ing  t h e  two 
sets of d a t a  appear  t o  approach a  c o n s t a n t  n e g a t i v e  s l o p e  of about  -0.12 
f o r  e n e r g i e s  Eo>300 MeV. 
The dependence of t h e  v a r i a n c e  i n  Geiger  t u b e  d i s c h a r g e s  was 
s t u d i e d .  The t u b e  v a r i a n c e s  were  compared, a s  a  f u n c t i o n  of e l e c t r o n  
shower d e p t h ,  a t  a st2-ndard energy of 1000 MeV w i t h  t h e o r e t i c a l  curves  
(Monte Car lo  c a l c u l a t i o n s )  and d a t a  from o t h e r  types  o f  d e t e c t o r s .  These 
d e t e c t o r s  i n c l u d e d  a  l u c i t e  Cerenkov c o u n t e r ,  s c i n t i l l a t i o n  c o u n t e r s ,  
and a  m u l t i p l a t e  c loud chamber. The v a r i a n c e  i n  t u b e  d i s c h a r g e s  was 
found t o  b e  n o t i c e a b l y  l e s s  s t e e p  p a s t  v a r i a n c e  maximum. 
The c o r r e l a t i o n  i n  Geiger  t u b e  d i s c h a r g e s  f o r  t h e  f i f t e e n  combin- 
a t i o n s  of t r a y s  was i n v e s t i g a t e d  f o r  e l e c t r o n  showers ,  p r o t o n  e v e n t s ,  and 
s e a  l e v e l  cosmic r a y  meson e v e n t s .  The covar iances  o f  Geiger  t u b e  
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d i s c h a r g e s  f o r  t h e s e  p a r t i c l e s  a r e  p o s i t i v e  a t  s m a l l  t r a y  s e p a r a t i o n s  
4. 
b u t  d e c r e a s e  r a p i d l y  as a  f u n c t i o n  of t r a y  s e p a r a t i o n  and approach con- 
s t a n t  n e g a t i v e  v a l u e s .  The observed d i s p e r s i o n  i n  e x p e r i m e n t a l  covar- 
i a n c e ~  a t  a  g i v e n  d e p t h  was found n o t  t o  b e  energy dependent f o r  e l e c t r o n  
showers and p robab ly  i s  due t o  s t a t i s t i c a l  u n c e r t a i n t i e s  i n  t h e  d a t a .  
A model was d e v i s e d  t o  r e l a t e  t h e  covar iance  i n  number of p a r t i c l e s  
i n c i d e n t  on t h e  Geiger  t u b e  t r a y s  t o  t h e  average number of p a r t i c l e s  
p a s s i n g  through t h e  t r a y s  and t h e  average  t o t a l  number of shower p a r t i c l e s ,  
This covariance was i n  t u r n  r e l a t e d  t o  the  covariance i n  t h e  correspond- 
ing  number of Geiger tubes discharged,  
The covariance con t r ibu t ion  due t o  pene t r a t ing  p a r t i c l e s  i s  
represented  by, <NC>,  i n  (VI-10) and t h e  con t r ibu t ion  due t o  p a r t i c l e s  
passing through t r a y  A and due t o  p a r t i c l e s  passing through t r a y  B i s  
denoted by,  -<N > < N  >, i n  (VI-10). The average t o t a l  number of shower A B 
p a r t i c l e s ,  N ,  was then obtained using (VI-10) , (VI-11) and ranged from 
4.0k0.7 a t  105 MeV t o  36.6k6.5 a t  1200 MeV. A p l o t  of  t h e  average 
number of shower p ; r t i c l e s  as  a  func t ion  of i n c i d e n t  e l e c t r o n  energy i s  
given i n  Figure 15. The number of shower p a r t i c l e s  r i s e s  slowly i n  
t h e  energy reg ion  from 1 0 5  MeV t o  300 MeV and then inc reases  l i n e a r l y  
wi th  t h e  i n c i d e n t  e l e c t r o n  energy. The t o t a l  number of shower p a r t i c l e s  
i s  r e l a t e d  t o  t h e  shower energy i n  t h e  energy i n t e r v a l 1 0 5  MeV<E<1200MeV 
by 
N = (0.029kO.O03)E(Me~) (VL - 12) 
A modified form of (VI-1O)and (VI-11) i s  used t o  ob ta in  the  average 
t o t a l  number of p a r t i c l e s  assoc ia ted  wi th  the  proton events  and sea  l e v e l  
cosmic ray  meson e v e n t s .  The r e s u l t l n g  numbers were 1,8t0.2 p a r t i c l e s  
f o r  2 GV and 4 GV p r o t o n  e v e n t s  and 1.520.7 p a r t i c l e s  f o r  t h e  s e a  l e v e l  
cosmic r a y  meson e v e n t s .  
The e l e c t r o n  showers were a l s o  analyzed u s i n g  t h e  concept  of 
p e n e t r a t i o n  p r o b a b i l i t y ,  <N > / < N B > ,  d e f i n e d  as t h e  p r o b a b i l i t y  t h a t  a  C 
p a r t i c l e  p r e s e n t  a t  d e p t h ,  x ,  h a s  p e n e t r a t e d  from a  d e p t h ,  x - t ,  
The r e s u l t i n g  p e n e t r a t i o n  p r o b a b i l i t i e s  are p l o t t e d  as a f u n c t i o n  
o f  t r a y  s e p a r a t i o n  i n  F i g u r e  1 7 .  These d a t a  are a  s h a r p l y  d e c r e a s i n g  
f u n c t i o n  o f  t r a y  s e p a r a t i o n  f o r  d e p t h s  less t h a n  1 r.1. and approach 
ze ro  more g r a d u a l l y  at  l a r g e r  dep ths .  The d i s p e r s i o n  i n  t h e  e l e c t r o n  
p e n e t r a t i o n  p r o b a b i l i t y  a t  a g iven  dep th  was found n o t  t o  b e  dependent  
on shower energy.  It was a l s o  found n o t  t o  depend on t h e  mean d e p t h  o f  
t h e  Ge iger  t u b e  t r a y s  a s s o c i a t e d  w i t h  t h e  c o v a r i a n c e  term i n  t h e  pene- 
t r a t i o n  p r o b a b i l i t y  e q u a t i o n  (VI-13). The d i s p e r s i o n  i n  t h e  p r o b a b i l i t y  
a t  a g i v e n  d e p t h  is  more l i k e l y  due t o  t h e  s t a t i s t i c a l  u n c e r t a i n t i e s  i n  
t h e  c o v a r i a n c e  of Geiger t u b e  d i s c h a r g e s .  
A modif ied form of (VI-13) was a p p l i e d  t o  t h e  p r o t o n  e v e n t  d a t a .  
The r e s u l t i n g  p e n e t r a t i o n  p r o b a b i l i t i e s  a r e  p l o t t e d  a s  a f u n c t i o n  o f  
t r a y  s e p a r a t i o n  i n  F igure  1 7  assuming t h e  p r o t o n  e v e n t s  a r e  made up o f  
e l e c t r o n - l i k e - p a r t i c l e s .  The p r o t o n  curve  i s  somewhat above t h e  e l e c t r o n  
p e n e t r a t i o n  p r o b a b i l i t y  curve  and does  n o t  d e c r e a s e  a s  r a p i d l y  a t  s m a l l  
d e p t h s .  A s i m i l a r  c a l c u l a t i o n  was c a r r i e d  o u t  f o r  s e a  l e v e l  cosmic r a y  
meson events, however, Lhe re s i i l e i r l g  v ~ l u e s  of penetration probability 
d i d  n o t  fall a long  a  smooth curve as a function of t r a y  separation. 
This  r e s u l t  may b e  p a r t i a l l y  due t o  s t a t i s t i c a l  u n c e r t a i n t i e s  s i n c e  t h e r e  
were  on ly  97 e v e n t s  s a t i s f y i n g  t h e  s e l e c t i o n  c r i t e r i a  used o u t  of 2243 
observed e v e n t s .  
The Geiger t u b e  d i s c h a r g e  p r o b a b i l i t y  d i s t r i b u t i o n  was i n v e s t i -  
g a t e d  f o r  t r a y s  5 through 1 0  f o r  e l e c t r o n  showers ,  p r o t o n  e v e n t s ,  and 
sea l e v e l  cosmic r a y  meson e v e n t s .  The r e s u l t i n g  e x p e r i m e n t a l  p r o b a b i l -  
i t i es  a r e  l i s t e d  i n  Tab les  I X ,  X ,  and X I ,  r e s p e c t i v e l y .  Binomial 
p r o b a b i l i t y  d i s t r i b u t i o n s  were  c a l c u l a t e d  f o r  t h e s e  t r a y s  us ing  t h e  
average  number o f  t u b e s  d i s c h a r g e d  and t h e  average  t o t a l  number o f  
p a r t i c l e s  i n  t h e  shower d e r i v e d  from (VI-1O)and (VI-11) T h i s  method 
n e g l e c t s  t h e  second o r d e r  s a t u r a t i o n  e f f e c t .  A P o i s s o n  p r o b a b i l i t y  
d i s t r i b u t i o n  was a l s o  c a l c u l a t e d  f o r  each e x p e r i m e n t a l  d i s t r i b u t i o n .  
The two t h e o r e t i c a l  d i s t r i b u t i o n s  approximate  t h e  e x p e r i m e n t a l  
d i s t r i b u t i o n  p o i n t s  e q u a l l y  w e l l  over  a  range  of p r o b a b i l i t i e s  from 
0.001 t o  1 . 0 .  A s i m i l a r  p rocedure  was followed f o r  t h e  p r o t o n  and s e a  
l e v e l  cosmic r a y  meson Geiger  t u b e  d i s c h a r g e  d a t a .  It was found t h a t  
t h e  p r o t o n  and meson e v e n t s  induced about  t h e  same t u b e  d i s c h a r g e  
d i s t r i b u t i o n s  and cou ld  n o t  b e  d i s t i n g u i s h e d  from t h o s e  caused by e l e c t r o n  
showers.  
The mean range ,  R, of  e l e c t r o n  shower p a r t i c l e s ,  p r o t o n  e v e n t  
p a r t i c l e s ,  and s e a  l e v e l  cosmic r a y  meson e v e n t  p a r t i c l e s  was c a l c u l a t e d  
u s i n g  t r a c k  l e n g t h  d a t a  based on Geiger tube  i n f o r m a t i o n ,  
(VI - 14) 
and u s i n g  t h e  p e n e t r a t i o n  p r o b a b i l i t y  curves .  It was found t h a t  t h e  
two methods gave c o n s i s t e n t  r e s u l t s  of about  1 . 0 t 0 . 4  r.1. f o r  e l e c t r o n  
shower p a r t i c l e s  i n  t h e  energy in-terval 105MeV<E<1200 MeV, 1 .8k0.2  r.1. 
f o r  1300 MeV and 3200 MeV p r o t o n  even t  p a r t i c l e s ,  and 1 . 5 t 0 . 7  r.1. f o r  
s e a  l e v e l  cosmic r a y  meson e v e n t  p a r t i c l e s .  The meson range  i s  ques- 
t i o n a b l e  due t o  poor  s t a t i s t i c s  and p o s s i b l e  con tamina t ion  of t h e  d a t a  
by e l e c t r o n s .  
The d e r i v e d  i n f o r m a t i o n  from t h i s  i n v e s t i g a t i o n  i s  u s e f u l  i n  
d e s i g n  o f  d e t e c t o r s  and might l e a d  t o  a  method of  s e p a r a t i n g  e l e c t r o n s  
from p r o t o n s  and o t h e r  p a r t i c l e s  i n  a  cosmic r a y  beam. 
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APPENDIX 
TABLES AND FIGURES 
TABLE I 
PULSE HEIGHT ANALYZER CHANNEL FACTORS 
-- -- ---- - ------ .- 
-I- 
'Read for example; 3.2  channels = factor of 2.51 in pulse height. 
TABLE I1 
SUMMARY OF EVENTS ANALYZED 
R i g i d i t y  Comrnen t s No. of Tubes No. Events  No. Events % Events  
(Mv) Discharged Observed Acceptable  Accepted 
2000 P r o t o n  e v e n t s  36 630 3567 3100 87 
4000 P r o t o n  e v e n t s  5 3  323 4765 4230 8 9 
Sea l e v e l  cosmic 25 1 7 1  2243 1789* 8 0 
r a y  meson e v e n t s  
105 E l e c t r o n  showers 1 9  145 2829 2439 86  
150 E l e c t r o n  showers 25 892 3442 3049 8 9 
300 E l e c t r o n  showers 36 858 3594 3136 8 7 
600 E l e c t r o n  showers 49 404 3607 3132 8 7 
1000 E l e c t r o n  showers wit! 62 812 3721 3169 8 5 
d e t e c t o r  i n c l i n e d  1 0  
t o  i n c i d e n t  beam 
1200 E l e c t r o n  showers 93 430 5117 4452 8 7 
--..--- -- .- -.--.--.*----" 
- 
--- - 
- - ----- 
-- & - - - - -  
* 
The accep tance  c r i t e r i o n  was t h a t  t h e r e  b e  no m u l t i p l e  t u b e  
d i s c h a r g e s  p e r  t r a y  i n  t r a y s  1 through 10.  
SCINTILLATION COUNTER P 'ilL,SE IIEICHTS 
R ig id i ty  Comment s 
.L 
<Gal> ' 0 Cal 
(Mv) (channels) (channels) (channels) (channels) 
2000& Di r ty  proton 5.49t0.04 1.35t0.04 7.17'0.08 2.81k0.05 
4000 events* 
2000& Clean proton 5.34k0.17 1.23k0.02 3.03t0.03 1.69k0.02 
4000 events* 
2000& Dir ty  proton 5.50t0.05 1.31k0.05 7.2650.11 3.04k0.07 
4000 event s > k *  
2000& Clean pro ton  5.34k0.03 1.27k0.02 3.05k0.03 1.6720.03 
4000 events** 
Sea l e v e l  3.61t0.09 1.52k0.23 3.16+0.08 1.58t0.24 
cosmic r ay  
meson e v e n t s t t  
105 Elec t ron  5.29k0.03 1.27k0.03 2.49t0.05 2.01k0.03 
shower 
150 Elec t ron  5.36k0.03 1.3520.03 3.33k0.04 2.03t0.02 
shower 
300 Elec t ron  5.38t0.03 1.28C0.02 5.49k0.03 1.63k0.03 
shower 
600 Elec t ron  5.54C0.02 1.30k0.02 7 . 5 3 3 . 0 3  1.37t0.02 
shower 
1200 Elec t ron  5.73k0.02 1.33k0.02 9.36'0.02 1.16t0.02 
shower 
- - - - - - - - - . - - <. - . - - - - - - - --- - -. - - - - - - - . - -- .- - 
-- ----- -- -- -- -- - - -  * - - -  - 
' (E) and { ~ a l )  r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  average pu l se  
he ight  f o r  t h e  d ~ / d x  and ca lor imeter  counters .  
1-t The s e l e c t i o n  c r i t e r i a  f o r  t h e s e  e v e n t s  was t h a t  t h e r e  be  
one and on ly  one t u b e  d i s c h a r g e  p e r  t r a y  i n  t h e  f i r s t  f o u r  Geiger  
t u b e  t r a y s  of t h e  d e t e c t o r .  
* These d a t a  a r e  f o r  exper imenta l  runs  w i t h  t h e  l e a d  s h i e l d  
i n  f r o n t  of t h e  d e t e c t o r .  
These d a t a  a r e  f o r  e x p e r i m e n t a l  r u n s  w i t h  no l e a d  s h i e l d  
i n  f r o n t  of t h e  d e t e c t o r .  
TABLE I V  
PERCENT FLUCTUATION IN TRACK LENGTH BASED 
ON SCINTILLATION COUNTER PZTLSE HEIGHTS 
E n e r g y  
TABLE V 
AVERAGE NUkIBER AND VARIANCE OF GEIGER TUBE DISCHARGES OF ELECTRON SHOWERS 
-- -- -- - -  -- - - 
a ---- -.-a -- - -- - - -- . -- -- - - -- . - "  , -- - 
Tray No. Depth$c 105 MeV 150 MeV 300 MeV 600 MeV 1000 MeV 1200 MeV 
*9c 02'~+c ( r . a . )  .rn-. <n> c r2  cn> a2 <n> a2 <n> o2 <n> a2 
- - - - --..--..-.-.-. - - - - .  
-- - - ---* 
* Only one par t ic le -sho; ld  p a s s  through t r a y  4 a t  a time. 
** <n> and a2 a r e  i n  u n i t s  of Geiger tubes discharged.  
TABLE V I  
PERCENT FL,UCTUATIONS I N  TRACK LENGTH BASED 
ON GEIGER TUBE DISCHARGES 
Energy < n  >* t o t  0 A n 
t o t  
Y"_aYYI__Y---^ Y_lYI.rm.--- ----.. -. -------L 
* T h e q u a n t i t i e s  <n  >and <o > a r e e x p r e s s e d i n u n i t s  t o t  n  t o t  
of Geiger  t u b e s  d i s c h a r g e d .  
S W Y  O F  ELECTRON SHOWER PARAMETERS 
Source Energy Depth Track Length S lope  E 
(MeV) ( r . 2 . )  -1 ( r . 2 . )  (r.iL.1 ( ~ e v l r . 2 . )  
--- -- -- ------- -----+.--- - --- . . - - - . 
Observed- 105 9.31 4,950.5 
Geiger  tube  CO 5.1+0.5 0.40f0.05 2Q.8t3.7 
Observed - 
S c i n t i l l a t i o n  105 
Counter 
Beck l in  and 500 7 16 .151. 5 
E a r l ,  1964 a 2 0 . 2 9 . 0  0.31t0.06 24.8k2.5 
TABLE V I I  ( cont inued ) 
- - 
Source  Energy Depth Track Length S lope  E 
-1 (MeV) (rate) (r . k . )  (r.a.1 (MeV1r.L.) 
-------- - -. ----,-- ...."---- ----.- - " - - -  . 
Beckl in  and 
E a r l ,  1964 1000 7 31.151.5 
m 43.7t3 .0  0.2620.06 23.Clk2.0 
Thorn, 1964 277 
528 
84 5 
990 
Neely, 1968 
TABLE V I L  ( contirLued. ) 
Source Energy Depth Track Length E 
(MeV) Cr. 8. >l ( r .8 . )  (r .8.) (MeVlr.8.) 
Beuermann 200,4QQ 1Q ... 0.264 22 
and Wibberenz, 
1967 
J. 
314* 
* 
Eackens t o s  s, 30a0 a C . 4 1 "  9 .6  
H y a m s  , Knop , 
and S t i e r l i n ,  
1963 
* 
... ... Heusch and 500 10 15.6 
P r e s c o t t  ,1964 
1000 10 31 .4~  ... ... 
* * 
Drickey, Ki lner ,  1000 10 20.0 0.14 50* 
and Benaksas, 
1968 
* * 
... Kajikawa, 1963 550 10 15.7 35.03 
* * 
... Cronin, Engels , 193 10 8.9 21.7 
Pyka, and ~r * 
... Roth, 1962 600 10  12.7 47.2 
Deutschmann and 
Tej essy ,  1963 
TABLE V I I  ( continued ) 
Source Energy Depth Track Length Slope E 
(MeV] (r.a. > (r.a.1 cr.,t.)-' (aTeV/r. 2 .  ) 
-.- --- ..-^ - .-_-- _ .._ -- ---- ^_. _ --. -_ ---_ . -_ _- 
Crawford and lOQ 9 3.18 0.26~ 31.45 
Messel, 1962 -L 
(Monte Carlo 500 9 14.9 0.17' 33.56" 
calculation with 
E =10 MeV) 9 
co 
,, This datum was computed, here, from data given Tn the reference. 
Thorn found that the track length, T, and incident electron 
energy, E, are related by 
based on observations of 300 showers. 
TABLE V I I I  
AVERAGE NUMBER OF SHOWER PARTICLES BASED ON GEIGER TUBE DISCHARGES 
Comment 
- - --.- -A --  --  . - -  
Elec t ron  shower 
Di r ty  proton event 
Sea l e v e l  cosmic ray  
meson event* 
No. of p a r t i c l e s  
* These events  s a t i s f i e d  t h e  same s e l e c t i o n  c r i t e r i a  a s  t h a t  of 
d i r t y  proton events  . 
TABLE I X  
GEIGER TUBE DISCHARGE PROBABILITY DISTRIBUTIONS FOR ELECTRON SHOLJERS 
p-*---- ----- --- -.-- -----. --- -- - --- - -- - - - - -- - - - - 
-- -  _....-lll-lllllllO-l" *-.- " - I----._-"v ---I. -- - ------I- ----- - - - --- - 
Energy No. tubes  P r o b a b i l i t y  
(MeV) d ischarges  t r a y  5 t r a y  6 t r a y  7 t r a y  8 t r a y  9 eray 10 
TABLE I X  ( continued ) 
----. -- - - --- "-- .------ - -- --.-- - - A - - -- - - -- - - - -.-- - - - - - - - - - - -- - 
-- "---- -- -- - - - - 
Energy No. tubes  P r o b a b i l i t y  
(MeV) discharges  t r a y  5 t r a y  6 t r a y  7 t r a y  8 t r a y  9 t r a y  13 
TABLE I X  ( continued ) 
--- - - -  * ___ - _- _ "I__I ^ _ _ A *  _ _" _ _ ___ , _-. --I- -.-.-- I-- * -" --I 2 .- - .-A- - -.- - - -- - 
-.....I_-I *.-__IU ._m-l- ^ _----" _---.. - -.- -I .- -- - - -  4 
Energy No. tubes P r o b a b i l i t y  
(MeV) discharges t r a y  5 t r a y  6 t r a y  7 t r a y  8 t r a y  9 t r a y  EO 
TABLE I X  ( continued ) 
-,--, --- *-.-..- .. - - . 
--,....,. ... 
- - .- .-,*-.---.---*-. ---.. "..".> -... . -. - . . . .. . .. . ~. 
--".--..-.~.-w~.~_XI.^._"~ -%_,>LL._-..=l /%.,--.i-&._ll..~/ __,- -*._i-.-_ .-._l- -.._ - "1. ..._--. .. . _  --.. __C____I._ 
Energy No, tubes P r o b a b i l i t y  
(MeV) d i scharges  t r a y  5 t r a y  6 t r a y  7 t r a y  8 t r a y  9 tray 10 
TABLE I X  ( continued ) 
Energy No. tubes P r o b a b i l i t y  
(MeV) d i scharges  t r a y  5 t r a y  6 t r a y  7 t r a y  8 t r a y  9 t r a y  10 
TABLE IX ( continued ) 
--- '"--.----- 
- I- I..---- .-  _-.-.-, ---_I-_ - -
n'.-"rn"".*U---* .II-.C---.~P.--IY"~ ..--"."--i-. --.- -- -.I . - - - .  - - -  - 
Energy No, tubes P r o b a b i l i t y  
(MeV) discharges t r a y  5 t r a y  6 t r a y  7 t r a y  8 t r a y  9 tray PO 
-- ---. - ..- - -. - .-- +-- .--- .".'..---..-  - - - ,-- ------ 
1200 0 .0204*.0021 .0236'.0023 . Q1685.0019 .0283'.0025 .0512'.0034 .14532,0057 
TABLE X 
GEIGER TUBE DISCHARGE PROBABILITY DISTRIBUTIONS FOR DIRTY PROTON EVENTS 
-.---..----..-----p---,---? - ---.---..--. -. ~ . .- --- 
--- -.-----.-. ----- ----" . . . , . . - - . -. . . . . . . . . . - - 
R i g i d i t y  No. tubes  P r o b a b i l i t y  
( MV ) discharges t r a y  5 t r ay  6 t r a y  7 t r a y  8 t r a y  9 tray 10  
TABLE X (cont inued)  
R i g i d i t y  No. tubes Pro-babi l i tv  
( MV ) discharges  t r a y  5 t r a y  6 t r a y  7 t r a y  8 t r a y  9 t r a y  10 
TABLE X I  
GEIGER TUBE DISCHARGE PROBABILITY DISTRIBUTIONS 
...... . .. -.----.--.---.-A ................ -.--.--. -.-, ...... -- .............. -- 
. . . . . . . . . . . .  
--" .... */" _..% /__l^C-&___I_. ,Y,.-l * .IW-I.-. ..- .-.., - -...-. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - - 
No. tubes  P r o b a b i l i t y  
discharged t r a y  5 t r a y  6 t r a y  7 t r a y  8 t r a y  9 t r a y  10 
These events  s a t i s f y  t h e  same s e l e c t i o n  c r i t e r i a  a s  those  f o r  d i r t y  pro ton  even t s .  
TABLE X I 1  
AVEKAGE NUMBER AND STANDARD DEVIATION OF 
GEIGER TUBE DISCHARGES OF DIRTY PROTON EVENTS AND 
SEA LEVEL COSMIC RAY MESON EVENTS 
- ---"..-.--- -.. *.,. - - -  - -  - -- 
- . A .  - ----..- - - - -  - -.-- - . - - - - -- - - - -- -  
Tray No. Depth* 2GVt 4GVt Mesonsf t 
( r . ~ . )  <n>** a** <n> a <n> 0 
-- -. - -.- -4" -- --. - - -. ---. - - - - . . - - -  - 
--- - - ..- - - ---- -"-- = - .- *-- - . . - .-- -- -* -- -- 
- . - . - _ .______ ----- _ - _ *  ._...X_,..__.I__ -- -
* Only one p a r t i c l e  should pas s  through t r a y  4 a t  a t ime. 
** <n> and a a r e  i n  u n i t s  of Geiger tubes discharged.  
t Di r ty  pro ton  events .  
tt Sea l e v e l  cosmic ray  meson events  s a t i s f y i n g  t h e  same 
s e l e c t i o n  c r i t e r i a  a s  t h a t  f o r  d i r t y  pro ton  events .  
TABLE XIXI 
MEAN RANGE OF SHOWER PARTICLES BASED ON GEIGER TUBE DISCHARGES 
Comment Energy Mean Range 
Track Length Pene t r a t ion  Prob. 
(MeV) (r.R.) 
E lec t ron  shower 105 1.28t0.26 
Proton event 
Sea l e v e l  cosmic - 
ray  meson event** 
-. -_ - ---.-- - ------ - > e - -  
* -  -.-- 
---.----.-- 
-__ - - -  - ---- - -- 
* The mean range obtained using the  pene t r a t ion  p r o b a b i l i t y  
curve a p p l i e s  t o  t h e  energy range 105 MeV < E,c 1200 MeV. 
** The t r a c k  l eng th  used i n  t h i s  c a l c u l a t i o n  cooresponded t o  
a  maximum depth of 9 .3  r . R .  These events  s a t i s f i e d  t h e  same s e l e c t i o n  
c r i t e r i a  a s  t h a t  of d i r t y  proton events .  
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